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ABSTRACT 


Presented  Sire  design  techniques  for  interference-free 
operation  of  airborne  electronic  equipment  which  may  be  used 
as  a  guide  by  the  aircraft  and  equipment  designer.  Section  I 
contains  a  discussion  of  the  basic  theory  of  interference  which 
is  applied  to  illustrative  components  and  system  problems  in 
Section  III,  Section  II  briefly  discus  se s  several  applicable  in¬ 
terference  specifications  together  with  methods  of  measure¬ 
ment  and  acceptable  interference  test  sets.  Section  IV  is  de¬ 
voted  to  precipitation  static  and  techniques  for  its  suppres¬ 
sion. 


FOREWORD 


Thus  book  is  a  treatise  on  existing  radio  interference 
problems  and  solutions.  It  shows  how  the  known  solutions  are 
rooted  in  theory.  More  than  that,  it  Is,  as  its  title  denotes, 
a  guide  for  all  designers  of  aircraft  and  manufacturers  of 
airborne  electronic  equipment.  Its  purpose  is  to  present  a 
comprehensive  treatment  of  successful  techniques  of  inter¬ 
ference  suppression  and  to  start  the  design  engineer  think¬ 
ing  early  -  before  Ms  functional  design  is  finished  and  he 
w'ihdsup  with  a  "noisy”  equipment  which  ispf  no  value  to  the 
Air  Force. 

Because  of  the  rapid  advance  in  radio  and  allied  fields, 
the  authors  are  fully  aware  that  certain  sections  of  the  book 
may  eventually  have  to  be  interpreted  in  the  light  of  newer 
designs  and  equipments.  The  first  section  of  the  book  is, 
therefore,  very  basic  in  hopes  that  a  clear  presentation  of 
the  theory  of  interference  will  be  of  great  value  in  solving 
the  inevitable  problems  which  result  from  the  introduction 
of  new  electronic  equipment  and  new  designs. 

The  research  and  preparation  of  manuscript  as  well 
as  the  printing  pf  this  book  was  accomplished  by  the  Fred¬ 
erick  ResearchCorporatlonunder  Contract  AF33(038)23341. 
Work  was  initiated  by,  and  accomplished  under  the  direction 
Of,  the  Radio  interference  Unit,  Components  and  Systems 
Laboratory,  Weapons  Components  Division,  Wright  Air  De¬ 
velopment  Center,  Mr.  N,  D,  Flinn  acting  as  project  engineer. 

By  furnishing  the  material  in  this  book  in  condensed 
and  useable  form,  together  with  the  appendices,  list  of  se¬ 
lected  references  and  index,  it  is  hoped  that  a  significant 
contribution  has  been  made  toward  the  design  and  production 
of  interference-free  aircraft  equipment. 
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INTRODUCTION 


The  complexity  of  the  problem  of  radio  interference  has  increased  tremen¬ 
dously,  in  recent  years,  owing  to  the  large  increase  in  electronic  equipment  in¬ 
stalled  in  operational  aircraft  and  has  become  one  of  the  most  serious  handicaps  to 
the  operation  of  the  United  Stages  Air  Force, 

This  problem  has  been  attacked  frommany  different  angles  by  the  Armed  For¬ 
ces,  aircraft  designers,  and  by  electronic  equipment  manufacturers.  Electronic 
Engineers  -  both  military  and  civilian  -  have  made  rapid  strides  in  combating  this 
deterrent  to  operational  efficiency  and,  as  a  result,  many  papers  on  the  subject 
have  appeared  in  technical  journals.  Also  sever ali  technical  manuals  have  been  pre¬ 
pared  by  each  of  the  Military  Services.  All  these  have  been  helpful  and  have  em¬ 
phasized  the  pressing  need  for  an  up-to-date  book,  comprehensive  in  its  treatment 
of  the  subject. 

Radio  Interference  greatly  decreases  the  Reliability  and  Efficiency  of  Opera¬ 
tional  Aircraft  because  of  the  loss  of  intelligibility  of  vital  information  or  the  loss 
of  accuracy  of  interpretation  by  Receivers  whether  presented  acoustically,  as  in  ear¬ 
phones,  visually  on  cathode  ray  scopes,  or  mechanically  as  in  the  servo  operation 
of  instruments  and  aircraft  controls. 

Basically,  Interference  Reduction  Techniques  are  an  application  of  electrical 
transmission  theory  and  good  electromechanical  engineering  practice.  An  effort 
has  been  made  in  preparing  this  book  to  bring  out  the  basic  principles  Involved  in 
solving  radio  Interference  problems  and  point  out  the  best  known  practices  for  use 
of  the  designer.  In  some  cases  poor  design  practices  are  also  discussed  in  order 
to  emphasize  the  practices  to  avoid  and  also  to  impress  the  reader  with  the  waste 
involved  in  having  to  a.pply  "Fixes  "  in  the  field. 

Interference  may  be  classified  according  to  the  wav  in  which  it  is  generated 
as  follows; 

1.  Nature-made.  This  interference  is  caused  by  atmospheric  electrical  dis¬ 
turbances  and  precipitation  static. 

2.  Inherent.  This  is  interference  generated  within  the  receiver  due  to  ther¬ 
mal  agitation,  shot  effect,  and  similar  causes, 

3*  Man-made.  This  includes  interference  from  sources  both  within  (e.g.  .mo¬ 
tors)  and  without  (e.  g. ,  jamming)  the  aircraft. 

Interference  may  also  be  classified  according  to  the  place  where  it  is  generated 
as  follows; 

1.  Interference  generated  within,  on,  or  in  the  immediate  vicinity  of  the  air¬ 
craft. 

2.  Interference  generated  outside  and  entirely  independently  of  the  aircraft. 
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INTRODUCTION 


Because  this  book  is  intended  primarily  for  the  design  engineer  and  must  be 
kept  within  reasonable  size  for  convem«?nt  reference,  it  deals  only  Y/ith  a  narrow  se¬ 
lection  of  interference  phenomena.  The  book,  therefore,  begins  with  a  treatment 
of  the  basic  theory  of  interference  and  how  it  is  generated  within  the  air  craft  in  order 
to  help  the  design  engineer  to  apply  the  fundamental  principles  to  his  specific  prob¬ 
lem  if  not  covered  in  the  application  given  in  Section  III.  The  section  on  measure- 
nrents  briefly  reviews  some  of  the  pertinent  government  specifications  which  the  de¬ 
signers  should  constantly  review  owing  to  the  rapid  advances  being  made  in  the  art 
of  interference  measurements.  A  section  on  Precipitation  Static  is  included  because 
of  its  importance  in  the  flight  of  opeiat^  mal  aircraft,  and  Ts  effect  on  the  functional 
operation  of  airborne  electromc  equipn'  c:nt. 

The  criticism  has  O/ften  been  made  that  measurements  and  tests  for  radio  in.- 
terference  are  too  often  made  under  ideal  conditions  without  aiiy  anticipation  of  the 
many  adverse  condltiors  existing  in  actual  flight,  which  fact  may  wholly  or  partially 
nullify  the  validity  of  thuss’  tests  -  theoretically  and  practically.  It  has  been  seen, 
too,  that  individual  laboratories  have  conscientiously  attempted  to  eliminate  or  fore¬ 
stall  radio  interference  v  i  hm  their  own  equipment  but  in  such  a  way  that  there  is 
little  or  no  appreciation  of  the  interaction  of  the  various  equipments  within  the  air¬ 
craft.  As  a  result,  many  radio  intei^ference  problems  are  far  from  being  solved. 
Successful  solutions  require  team  work  all  along  the  line  including  the  original  de¬ 
signer  and  the  installation  and  maintenance  personnel. 

The  very  remedies  Instigated  for  certain  specific  interference  problems  have, 
in  some  cases,  actually  made  the  ’*noise"  worse  and  constituted  new  interference 
pi^oblems  in  other  equipment*  This  often  results  from  "fixes"  being  undertaken  wUb- 
out  a  thorough  study  of  the  basic  theory  underlying  the  attenqnted  fix. 


For  the  purposes  of  this  book,  RADIO  INTERFERENCE  is  defined  as  any  elec¬ 
trical  disturbance  which  causes  an  undesirable  response  or  malfunctioning  in  anv 
electronic  equipment.  Any  audible,  visible*  or  otherwise  measurable  response  is 
considered  undesirable  if  it  is  not  produced  by  a  desired  signal,  provided  that  either 
its  duration  is  longer  than  one  second  or  its  highest  recurrence  rate  during  normal 
operation  of  the  aircraft  is  greater  than  once  every  three  minutes. 

The  word  "receiver"  will  be  used  in  a  generalized  sense  to  include  all  elec¬ 
tronic  equipment  in  which  interference  may  cause  undesirable  response  or  mal- 
functioning.  For  purposes  of  this  book,  therefore,  a  RECEIVER  is  defined  as  anv 
electronic  equipment  In  ^vhich  unwanted  signals  may  cause  an  undesired  response. 


:|c  Se  V  * 

Each  section  and  appendix  of  this  book  has  an  independent 
sequence  of  page  numbers.  For  example,  3-  15  indicates 
page  15  ox  Section  3  and  V  -  3  indicates  page  3  of  Appendix  V, 

3^  ]{e  ijc  9ii  ’jc 
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SECTION  I  -  THEORY 


1  THEORY  OF  INTERFERING  SIGNALS 

The  first  step  in  combating  an  evil  must  always  be  an  attempt  to  gain  a  thor-^ 
ougfe  understanding  of  its  nature.  To  this  end,  a  detailed  theoretical  analysis  of 
many  of  the  problems  and  phenomena  associated  with  radio  interference  will  be 
presented  in  this  section. 

For  ti  e  purposes  of  this  book,  radio  interference  is  defined  as  any  electrical 
disturbance  which  causes  an  undesirable  response  or  a  malfunctioning  in  any  air¬ 
borne  electronic  equipment.  The  word  ’’interference*'  was  chosen  in  preference  to 
the  word  ’’noise”  in  order  to  emphasize  the  fact  that  the  disturbing  signals  to  be 
treated  may  lie  in  the  frequency  range  from  zero  up  to  the  highest  used  in  existing 
or  proposed  aircraft.  It  is  true  that  the  term  "radio  noise”  is  commonly  used  to 
denote  undesired  signals  of  any  frequency.  Yet,  strictly  speaking*  "noise”  is  an 
acoustical  disturbance,  confined  to  frequencies  below  approximately  20  kilocycles 
per  secondf  and  this  connotation  may  easily  create  the  wrong  impyession  in  the 
reader's  mind. 

There  is  still  another  reason  which  makes  it  advisable  to  use  the  word  "inter¬ 
ference”  instead  of  the  word  "noise"  in  this  book.  According  to  the  above  definition, 
a  signal  is  not  to  be  considered  as  interference  unless  it  causes  an  undesirable  re¬ 
sponse  or  false  operation.  In  most  cases,  the  output  of  the  equipment  which  is  af¬ 
fected  by  the  disturbance  is  an  audio  signal,  and  the  term  "noise"  properly  applies 
to  this  interference  in  the  output.  The  definition  of  the  word  "noise”  maybe  extended 
to  include,  also,  the  disturbances  in  the  output  of  those  devices  which  give  yisual 
indications  of  one  kind  or  another.  But  any  further  extension  of  the  definition  of  this 
term  is  likely  to  lead  to  confusion  because  it  may  cause  one  to  forget  that  interfer¬ 
ence  may  be  of  any  frequency  even  though  its  final  product,  the  disturbance  in  tbe 
output,  ie  usually  in  the  audio  range. 

It  should  be  mentioned  here  that,  for  brevity,  the  definition  of  the  word  "re¬ 
ceiver"  is  extended  in  this  book  to  include  all  types  of  electronic  equipment  in  which 
interference  may  cause  an  undesirable  response  or  malfunctioning.  Thus,  not  only 
an  earphone,  but  a  navigation  instrument  or  a  radar  scope,  will  be  called  a  receiver, 
and  even  a  relay,  which  may  be  tripped  by  a  spurious  signal,  will  fall  under  this 
heading. 

1.  1  STATISTICAL  ANALYSIS 

In  statistical  theory,  the  term  "random  noise"  is  used  for  disturbances  that 
are  completely  without  regularity  in  their  detailed  properties.  These  disturbances 
lend  themselves  well  to  treatment  by  statistical  methods,  and  their  theory  has  been 
extensively  discussed  in  the  literature.  An  example  of  interference  which  can  be  so 
treated  is  the  tube  noise  due  to  thermal  agitation  and  the  shot  effect.  Into  this  group 
also  belong  atmospheric  disturbances  commonly  known  as  "static".  The  character¬ 
istics  common  to  these  phenomena  aie  their  random  amplitudes,  random  phases, 
and  lack  of  periodicity.  If  a  frequency  analysis  is  performed  on  such  disturbances, 
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it  i@  found  that  their  energy  is  fsTrly  uniformly  spread  throughout  the  frequency 
spectrum  from  aero  up  to  a  maximum  (sometimes  as  high  as  10  kilo-megacycles 
per  second,  depending  upon  the  source)  eind  drops  to  zero  rather  rapidly  for  fre¬ 
quencies  above  that  maximum.  A  plot  of  energy  versus  frequency  for  such  disturb¬ 
ances  vsriil,  therefore,  have  a  shape  someisrhat  as  shown  in  Figure  1.  1-A.  This 
"random  noise"  consists  of  an  irregular  sequence  of  pulses  of  arbitrary  shape  which 
bear  no  relation  to  each  other.  Most  of  the  interference  to  be  treated  in  this  book 
does  have  some  regularity.  It  is  what  in  statistical  theory  would  be  classified  as  a 
"signal"  rather  than  "random  noise".  The  difference  lies  in  that  these  interfering 
signals  are  usually  periodic  and  show  some  regiiia-ity  although  their  wave  shapes 
and  phases  may  be  subject  to  statistical  fluctuations.  Like  "random  noise",  their 
energy  is  often  spread  over  a  very  wide  frequency  spectrum.  Unlike  "random  noise", 
the  distribution  of  their  energy  is  usually  non-uniform,  showing  wide  variations  with 
definite  maxima  and  minima  as  for  example  in  Figure  1. 1-B. 


Frequency  Frequency 


Fig,  i,  1-A  Typical  Energy  Fig.  1.1-B  Typical  Energy 

Distribution  of  "Random  Noise"  ,  Distribution  of  Radio  Interference 


Fig,  1,  I-C  Oscilloscopic  Trace  Fig,  1,1-D  Oscilloscopic  Trace 

of  Commutator  Interference  of  Typical  "Random  Noise" 

The  differences  in  wave  form  between  interfering  signal  and  "random  noise" 
are  clearly  brought  out  in  Figures  1. 1-C  and  1, 1-D.  Figure  1.  1-C  shows  an  oscil- 
loacopic  trace  of  a  typical  interfering  voltage  generated  at  the  brushes  of  a  motor. 
The  periodicity,  as  Well  as  the  random  fluctuations,  are  clearly  evident.  Figure 
1.  1-D  is  the  trace  of  a  truly  random  disturbance  as  obtained  from  a  noise-generat¬ 
ing  diode  exhibiting  complete  irregularity. 

Despite  these  differences,  certain  results  of  the  statistical  analysis  of  "random. 
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noise"  find  applications  in  the  design  of  equipnient  for  interference-free  operation 
and  will  be  pointed  out  and  discussed  at  the  appropriate  places.  A  complete  discus¬ 
sion  of  the  methods  by  which  these  results  were  obtained  is  clearly  beyond  the  scope 
■  -  of  this  book, 

1,2  THE  NATURE  OF  INTERFERENCE 

In  considering  the  final  effect  of  the  interference,  i.e,,  its  actual  nuisance 
value,  the  most  important  factors  are  its  magnitude  in  relation  to  that  of  the  wanted 
signal  and  its  position  in  the  frequency  spectrum.  As  far  as  the  magnitude  is  con¬ 
cerned,  it  may  be  said  that  the  nuisance  value  of  an  interfering  signal  varies  directly 
as  its  mag[nitude,  provided  that  it  exceeds  a  certain  minimum  threshold  value,, 
will  remain  approximately  true  even  if  the  magnitude  is  measured  not  at  the  output 
but  at  the  source  or  anywhere  in  the  path  of  transmission  of  the  interference  from 
the  source  to  the  receiver.  This  is  true  because  the  transmission  system  is  usually 
sufficiently  linear  to  make  the  sigual  strength  at  anyone  point  approximately  directly 
proportional  to  the  strength  of  the  same  signal  anywhere  else  in  the  systein, 

*  As  tkr  as  the  position  of  the  interfering  signal  in  the  frequency  spectrum  is 

concerned,  no  such  simple  statement  can  be  made.  For  the  final  effect,  the  inter¬ 
ference  must  either  contain  frequencies  within  the  normal  output  range  of  the  receiver, 
or  it  must  be  capable  of  making  one  or  more  stages  of  the  receiver  inoperative.  In 
the  first  case^  the  final  effect  would  be  audio  noise  for  an  ordinary  radio  receiver, 
or  it  might  be  visual  hash  on  a  radar  scope.  In  a  navigational  instrument,  ,thc  final 

*  effect  might  be  a  false  indication  of  an  indicating  needle.  In  the  second  case,  the 
final  effect  would  be  the  complete  lack  cf  an  audio  or  visual  indication.  In  eithet 

*  case,  in  order  to  produce  this  final  effect  at  the  output  of  the  receiver,  the  interfer- 

*  ence  at  the  input  must  contain  frequencies  within  the  band  to  Which  the  receiver  is 
sensitive.  It  is  important  to  remember  that  the  band  of  frequencies  to  which  the 
receiver  is  sensitive  is  much  wider  for  interference  than  what  is  normally  considered 
its  "bandwidth".  The  attenuation  of  frequencies  outside  the  normal  transmission 

*  band  is  never  infinite,  and  very  often  there  is  insufficient  rejection  of  large  inter¬ 
fering  signals,  even  though  their  frequencies  may  be  considerably  removed  from 
those  the  re-ceivex  is  designed  to  accept.  This  is  one  way  in  which  an  interfering 
signal  may  affect  a  receiver,  even  though  it  has  no  frequencies  within  its  nominal 

^  acceptance  band, 

» 

There  is  another  way  in  which  an  interfering  signal,  outside  of  the  acceptance 
band  of  a  receiver,  may  gain  entrance.  During  transmission,  electrical  signals  mgjr 

*  undergo  one  or  several  frequency  translations,  i„e.,  they  may  combine  with  other 
signals  in  non-linear  elements  to  produce  entirely  new  frequencies.  For  example, 
the  fundamental  frequency  output  of  a  medium  frequency  transmitter  may  not  itself 
fall  within  a  band  that  is  accepted  by  a  low  frequency  receiver.  But  one  of  its  higher 

'  harmonics  may  "beaf'with  the  output  of  another  transmitter  in  a  non-linear  element 

in  such  u  way  as  to  produce  an  interfering  signal  which  does  affect  the  receiver, 

*  Therefore,  even  though  only  a  fairly  narrow  band  of  frequencies  is  effective  at  the 
input  of  the  receiver  because  of  its  selectivity,  frequencies  in  that  band  may  be  pro- 

*  duced  by  entirely  different  frequencies  at  the  source,  and  it  becomes  necessary  to 
treat  signals  of  all  frequencies  as  having  potential  nuisance  value. 

An  int  e  r  f  e  ring  signal  is  always  associated  with  a  time -varying  electric  or 
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^jjgnetic  field.  If  the  variation  of  the  field  is  sinusoidal,  the  resultant  signal  is  com¬ 
pletely  specified  by  three  quantities;  its  amplitude,  frequency,  and  phase.  More 
O'-ft  V  the  variation  will  not  be  sinusoidal,  jbi  this  case,  an  infinite  number  of  para¬ 
meters  will,  in  general,  be  required  for  a  complete  description.  This  is  evident 
from  the  following  considerations;  The  time  variation  of  the  field  intensity  may  be 
expanded  either  as  a  Fourier  series  or  as  a  Fourier  integral,  the  series  being  used 
when  the  variation  is  periodic  and  the  integral  when  it  is  not.  In  the  first  case,  the 
Fourier  series  will,  in  general,  contain  an  infinite  number  of  terms  whose  magni¬ 
tudes  and  phases  must  be  specific  for  a  complete  description  of  the  series.  In  the 
second  case,  a  complete  description  of  the  Fourier  integral  requires  the  specifica¬ 
tion  of  the  amplitude  and  phase  functions  at  all  frequencies.  Even  though  an  infinite 
number  of  parameters  is  required  for  a  complete  description  of  the  signal,  usually 
only  a  finite  number  of  terms  or  a  limited  range  of  frequencies  need  be  considered 
because  in  all  cases  of  practical  importance  the  amplitudes  of  the  high  frequency 
components  become  too  small  to  affect  the  receiver. 

The  physical  interpretation  of  the  above  paragraph  is  that  an  arbitrary  signal 
may  be  considered  to  consist  of  an  infinite  number  of  sinusoidal  signals,  superim¬ 
posed.  These  sinusoidal  signals  are  either  of  finite  amplitude  and  occupy  discrete 
frequencies,  or  they  have  infinitesimal  amplitudes  and  a  continuous  frequency  dis¬ 
tribution.  Such  an  analysis,  usually  called  a  "Fourier  analysis",  has  the  great  ad¬ 
vantage  that  if  one  deals  with  a  linear  network,  for  which  the  principle  of  superpo- 
sitton.  applies,  tha  response  of  the  network  to  any  arbitrary  input  can  be  determined 
on  the  basis  of  a  knowledge  of  the  response  of  the  network  to  sinusoidal  inputs  at  all 
Irequencies.  This  is  the  main  reason  why  the  consideration  Of  non-linear  networks 
leads  to  rndch  greater  difficulties.  The  response  of  a  non-linear  network  cannot  be 
found;  from  an  analysis  of  its  behavior  under  excitation  from  sinusoidal  sources. 

The  interfering  signal,  considered  as  a  varying  field,  current,  or  voltage,  is 
determined  not  only  by  the  process  of  its  generation,  but  also  by  the  impedance  into 
which  the  signal  generator  sends  the  impulse.  Since  the  form  of  the  resulting  re¬ 
sponse  (which  is  the  only  quantity  that  can  be  observed)  is  usually  of  greater  inter¬ 
est  than  the  hypothetic zd  form  of  the  generator  output  in  the  absence  of  any  impedance, 
it  is  important  to  investigate  the  effect  of  various  kinds  of  impedance  on  the  form  of 
any  given  impulse,  Tp  carry  through  such  an  investigation  for  all  possible,  or  even 
all  practically  important,  forms  of  impulses,  is  a  prohibitive  undertaking.  A  con¬ 
siderable  insight  into  the  problem  may  be  gained,  however,  by  concentrating  on  just 
one  representative  wave  form.  The  particular  form  chosen  is  that  of  a  rectangular 
pulse  of  unit  area  and  of  short  but  finite  duration,  because  this  form  is  often  fairly 
closely  approximated  by  actual  interference  pulses.  Furthermore,  a  signal  of  any 
shape  can  be  closely  approximated  by  a  succession  of  such  pulses. 

Considerable  work  is  saved  by  utilization  of  the  principle  of  duality.  This 
principle  states  that,  for  certain  network  pairs,  identical  relations  exist  between 
the  voltages,  currents,  impedances,  and  admittances,  provided  that  all  voltages, 
currents,  impedances,  and  admittances  in  one  network  are  replaced  by  the  currents, 
voltages,  admittances,  and  impedances,  respectively,  in  the  other.  Network  pairs 
which  obey  such  laws  are  called  duals  of  each  other.  Any  planar  network  (i.  e.  ,  one 
which  can  be  projected  onto  a  plane  without  any  connections  crossing  one  another) 
has  a  dual.  The  dual  may  be  obtained  by  putting  all  series  elements  of  one,  in  par¬ 
allel  in  the  other,  and  all  parallel  elements  of  one,  in  series  in  the  other,  by  leaving 
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all  resistances  unchanged,  by  replacing  all  inductances  with  capacitances,  and  by 
replacing  all  capacitances  with  inductances.  A  similar  principle  of  duality  may  be 
stated  for  fields  instead  of  networks. 

A  distinction  is  sometimes  made  between  network  pairs  having  dual  configura¬ 
tion  and  actual  duals.  In  the  first  case,  it  is  necessary  only  that  the  above-mentioned 
relations  exist  between  types  of  elements  without  regard  to  their  iTiagnitude.  For 
actual  duals,  there  must  also  be  a  relationship  between  the  magnitudes  of  correspondr 
ing  elements,  as  shown  in  Figure  1.  2-A,  which  gives  an  example  of  two  networks 
that  are  actual  duals  of  each  other.  Here  k  is  an  arbitrary  real  constant. 
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Fig,  1,  2-A  Dual  Networks 

By  utilizing  the  principle  of  duajdty,  it  is  found  that  the  response  of  one  net¬ 
work  to  a  voltage  impulse  is  the  same  as  the  response  of  its  dual  to  the  correspond¬ 
ing  current  impulse.  For  example,  the  current  that  results  from  applying  a  specified 
voltage  to  a  series  combination  of  resistance  and  capacitance  has  exactly  the  same 
form  as  the  voltage  that  appears  across  a  parallel  combination  of  resistance  and  in¬ 
ductance  when  a  current  of  the  same  specified  time  variation  is  sent  into  it,  hi  this 
way,  each  separate  analysis  immediately  yields  two  significant  results. 

Figure  1,2-B  shows  the  responses  of  the  simplest  combinations  of  one,  two, 
or  three  circuit  elements  to  a  short  rectangular  pulse.  In  each  case  the  response 
shown  is  the  current  that  will  flow  if  a  rectangular  voltage  pulse  is  applied  across 
an  impedance,  Z,  or  the  voltage  across  an  admittance,  Y,  when  a  rectangular  cur¬ 
rent  pulse  is  flowing  into  Y.  If  the  network  Z  consists  of  several  branches  in  parallel, 
or  the  network  Y  has  several  elements  in  series,  the  result  is  simply  a  combination 
of  the  results  shown,  since  the  current  in  each  branch  or  the  voltage  across  each 
element  may  be  found  from  Figure  1,2-B, 

The  actual  interfering  signal  usually  consists  of  a  series  of  periodic  or  non¬ 
periodic  pulses  similar  to  those  shown  in  Figure  1,2-B.  The  responses  will  remain 
substantially  as  shown  whenever  the  individual  pulses  occur  so  far  apart  that  the 
energy  of  each  pulse  is  practically  dissipated  before  the  beginning  of  the  next  one, 
(The  cases  without  resistance,  and  hence  without  dissipation,  need  not  be  considered 
here  since  they  cannot  be  realized  in  practice.  )  If,  however,  the  pulses  follow  each 
other  so  closely  that  the  initial  conditions  of  each  pulse  are  affected  by  the  previous 
one,  then  the  transient  caused  by  one  pulse  is  superimposed  on  the  transient  of  the 
previous  pulse,  which  did  not  have  time  to  die  out,  and  the  resulting  wave  form  may 
have  very  little  resemblance  to  the  response  shown  for  a  single  pulse.  In  the  case 
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of  a  resonant  circuit,  for  example,  the  output  wave  will  deviate  more  and  more  from 
the  damped  sine  wave  shown  in  the  last  diagram  of  Figure  1,2-B  as  the  ratio  of  the 
resonant  frequency  to  the  pulse  repetition  rate  becomes  smaller. 

The  results  of  Figure  l,2-B  may  be  obtained  in  two  ways;  (a)  determine  what 
happens  in  the  various  elements  as  voltage  (or  current)  is  suddenly  applied  to  them, 
or  (b)  consider  the  response  of  the  network  to  sinusoidal  excitations.  In  the  first 
method,  attention  is  focused  on  the  way  in  which  a  capacitance  stores  charges,  an 
inductance  introduces  inertia  effects,  and  a  resistance  causes  dissipation  of  energy. 
In  the  second  method,  a  Fourier  analysis  of  the  rectangular  pulse  must  be  performed. 
This  latter  point  of  view  shows  that,  as  the  frequency  of  the  applied  sinusoidal  voltage 
incrc'^ases,  the  current  in  a  capacitive  circuit  will  increase,  the  current  in  an  in¬ 
ductive  circuit  will  decrease,  and  the  current  in  a  resonant  circuit  will  increase  at 
first,  reach  a  maximum  at  the  resonant  frequency,  and  then  decrease.  If  the  fre¬ 
quency  spectrum  of  the  exciting  pulse  is  known,  the  frequency  spectrum  of  the  te- 
spcnse  may  then  be  predicted,  and  the  response  itself  may  be  determined. 

For  simple  circuits,  the  first  method  is  not  only  sufficient,  but  actually  more 
enlightening,  because  it  is  easier  to  understand  what  actually  goes  on  in  the  netw*>rk. 
But  for  more  complicated  networks  and  general  analyses,  the  second  approach  is 
indispensable.  An  analysis  of  this  type  proceeds  as  follows: 

An  arbitrary  signal,  which  may  bear  no  resemblance  to  the  rectangular  pulse 
used  as  an  example  before^  is  given  as  a  function  of  time,  f  s  f(t).  Also*  there  is 
given  a  network  whose  respcnse  to  sinusoidal  excitation  is  specified  at  all  frequencie  s, 
in  the  form  of  a  complex  function  G  *  G  (w)  where  w  is  the  angular  frequency  in 

radians  per  second.  The  task  at  hand  is  to  determine  the  response  of  the  network. 

The  procedure  is  to  find  the  Fourier  transform  of  f  (t),  designated  as  F  (u): 

F(«)  =  ^  /iit)  (1) 

and  to  obtain  the  Fourier  transform  of  the  response  simply  as  the  product  of  GF,  If 
the  response  is  indicated  by  h  =  h(t)  and  its  Fourier  transform  by  H  =  H((«)),  then 

H(u))  =  G(u))F(u))  (2) 

and 

h(t)  =  y  e^^*  dw  =  /g{u>)  F  (w)  e'^***^  du)  (3) 

The  square  of  the  absolute  value  of  F  (co),  jF  (Q)j  is  proportional  to  that  portion 
of  the  energy  of  the  signal  £  (t)  that  is  associated  with  the  angular  frequency  co.  There¬ 
fore,  |F  ((»j)|  2  will  simply  be  called  the  energy  distribution  of  f  (t). 

Listed  below  are  certain  relationships  between  the  properties  of  the  function 

— m — 

*The  form  F'(a))  =  (1/21^)  //(t)  dt  can  also  be  used  as  a  Fourier  trans¬ 
form,  It  will  be  recognized  that  F'  is  simply  the  complex  conjugate  of  F,  The  form 
used  in  the  text  is  preferred  in  most  of  the  literature. 
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f(t)  and  its  frequency  ;iistril>-  t‘oa  F(q),  which  are  iunportaat  for  the  analysis  of  in¬ 
terference, 

(a)  Reciprocal  Spreading.  For  a  pulse  of  finii«  duiation,  the  spread  in  fre¬ 
quency  is  roughly  inversely  proportional  to  its  duration.  Examples  of  this 
are  shown  in  Figure  1,  2-C. 

(b)  Effect  of  Steep  Wa,ve  Fronts.  For  any  pulse,  the  sharper  its  rise  or  fall, 
the  greater  is  that  portion  of  its  energy  which  is  concentrated  in  the  high 
frequency  components.  This  effect  leads  to  the  conclusion  that  only  those 
pulses  which  have  sharp  wave  fronts  will  cause  appreciable  interference 
at  high  frequencies.  An  example  of  this  is  showri  in  Figure  1,  2-D,  The 
computations  for  these,  and  the  following  examples,  are  given  in  detail  in 
Appendix  IV. 

1 

(c)  Effect  of  Duration  of  Pulse.  For  any  pulse,  the  longer  it®  duration,  the 
greater  is  that  portion  of  its  energy  which  is  concentrated  in  its  low  fre¬ 
quency  components.  An  example  of  this  is  shown  in  Figure  1.  2-D. 

These  rules  are  qualitative  rather  than  quantitative,  since  it  may  be  injpossible  to 
assign  exact  values  to  the  "duration"  of  a  pulse  which  decays  to  zero  exponentially, 
or  to  the  "spread"  of  a  function  that*goes  to  zero  like  a  damped  sine  wave. 

The  method  of  Fourier  analysis  outlined  above  is  extremely  powerful  and  finds 
many  practical  applications.  In  this  hook  it  will  be  used  (1)  to  help  formulate  the 
impedance  approach  in  Appendix  V,  (2)  to  predict  the  response  of  receivers  to  the 
most  common  types  of  interference,  and  (3)  to  analyze  the  changes  which  tha  inter¬ 
fering  signals  may  be  expected  to  undergo  during  their  transmission  fron^  the  source 
to  the  receiver  (see  Paragraph  1,4).  For  example,  the  Fourier  analysis  of  the  in¬ 
terference  generated  2^  particular  motor,  may  reveal  a  strong  peak  in  the  vicinity 
of,  say,  2  n^egacycles  per  second,  as  shown  in  Figure  1.  2-E.  It  will  then  nec¬ 
essary  to  design  a  filter  whose  attenuation  characteristic  has  somewhat  the  saipe 
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Fig.  1.2-E  Typical  Frequency 
Spectrum  of  Motor  Interference 


Fig.  1,2-F  Attenuation  of  Filter 
for  use  with  Motor  of  Fig.  1. 2-E 
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shape  as  is  shown  in  Figure  1.2-F.  This  could  be  accomplished  by  use  of  a  series- 
derived  M-type  filter  giving  an  attenuation  as  shown  in  Figure  F2-F,  curve  (a).  A 
low  pass  filter,  of  the  constant-K  type,  would  probably  not  be  sufficient  to  suppress 
the  interference  in  the  neighborhood  of  2  megacycles,  as  shown  in  Figure  1.2-F, 
curvo  (b).  For  further  information  in  design  values  for  filters,  see  Appendix  VII. 

1.3  THE  ORIGIN  OF  INTERFERING  SIGNALS 

It  was  said  before  that  interfereiice  is  always  associated  with  varying  electric 
or  magnetic  fields.  This  is  true,  but  the  varying  fields,  themselves,  are  not  the 
original  source  of  the  interference.  What,  then,  causes  varying  electric  or  mag¬ 
netic  fields? 

An  electrostatic  field  exists  wherever  there  are  charges.  K  charges  are  ata-- 
tionary,  the  field  remains  constant  and  there  can  be  no  disturbance.  Whenever  the 
charges  are  moving,  there  is  a  magnetic  field,  but,  as  long  as  the  motion  is  uni¬ 
form,  the  magnetic  field  is  constant  and  again  there  can  be  no  disturbance,  It  follows 
that  before  there  can  be  any  interference,  there  must  be  a  non-uniform  motion  of 
charges,  i.  e. ,  a  varying  current.  And,  indeed,  as  the  various  causes  of  interfer¬ 
ence  in  electrical  equipment  are  investigated,  one  finds  that  in  each  ease,  a  varying 
current  is  responsible.  Once  the  current  is  considered,  the  charge  may  be  forgottfn, 
because  a  n^oving  charge  is  a  current,  and  one  may  base  the  discussion  on  one  or 
the  other,  but  not  on  both.  It  may  he  said,  then,  that  the  condition  for  no  interfer¬ 
ence  is 

f  =  0  (4) 

where  i  stands  for  current  and  d/dt  for  differentiation  with  respect  to  time.  This 
expression  is  extremely  simple,  yet  important  to  keep  in  mindas  the  ideal  for  which 
to  strive.  In  some  cases,  a  varying  current  is  essential  to  the  operation  Of  the  equip’- 
ment,  as,  for  example,  in  an  alternator.  In  this  case,  Equation  (4)  cammt  be  satis¬ 
fied.  Rut  even  then  Equation  (4)  remains  valid,  provided  one  lets  i  refer  to  that 
portion  of  the  total  current  which  remains  after  subtracting  the  desirad  current. 
Then  the  equation  is  not  the  condition  for  "no  interference",  but  the  condition  tor 
"no  mere  interference  than  is  absolutely  necessary  for  the  props?  functioning  of  the 
cqillpgjent". 


To  determine  the  actual  origin  of  the  interference,  the  causes  of  a  varying 
current  must  be  located.  The  object  of  this  procedure  is  not  to  make  the  obviously 
absurd  attempt  of  finding  the  "origin  of  the  origin  of  the  origin",  hut  rather  to  seek 
the  points  at  which  the  application  of  corrective  measures  is  most  p7;?ictical  and 
effective.  It  is.  found  that,  in  some  cases,  these  points  are  reached  when  mechani¬ 
cal  rather  than  electrical  considerations  are  involved.  In  other  cases,  ‘these  points 
are  reached  when  eleotronic  means  of  current  generation  are  involved. 

What  causes  a  varying  current?  A  current  may  flow  either  in  a  conductor 
(conduction  current),  in  a  gaseous  dielectric  through  which  charged  bodies  or  par¬ 
ticles  are  moving  (convection  current),  or  in  a  dielectric  void  of  free  charges  (dis¬ 
placement  current),  Displacement  currents  are  negligible  at  all  frequencies  at  Which 
the  considerations  of  ordinary  circuit  analysis  are  valid  and  need  to  be  considered 
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only  in  connoction  with  radiation  and  other  phenontiena associated  with  high  treqnen- 
cies.  Convection  currents  occur  in  electron  tubes  and  in  electric  arcs  and  sparks. 
Also,  any  charged  body  in  naotion  constitutes  a  convection  current.  Since  an  insula¬ 
tor  will  not  carry  an  appreciable  amount  of  net  charge,  the  only  bodies  that  need  to 
be  considered  in  this  connection  are  conductors  While  it  is  true  that  any  motion 
of  a  charged  conductor  of  finite  dimensions  will  result  in  a  varying  field  and,  there¬ 
fore,  is  a  potential  source  of  interference,  it  may  be  stated  that  such  interference 
is  very  rare  and  not  likely  to  be  encountered  in  aircraft.  The  currents  which  are 
important  as  sources  of  interference  are  the  first  mentioned  convection  currents, 
i.  e, ,  those  consisting  of  moving  electrons  or  ions,  and  the  conduction  currents. 

These  important  currents  may  always  be  computed  by  an  application  of  the 
basic  equation  i  -  E/Z,  in  which  the  current  i  is  considered  the  effect  produced  by 
the  electromotive  force  B  against  the  opposition  of  the  impedance  Z,  From  this  , it 
rnay  be  concluded  that  variations  of  current  may  be  caused  either  by  a  varying  elec¬ 
tromotive  force  or  by  a  varying  impedance.  The  final  answer,  then,  to  the  question 
asked  in  this  Paragraph  1,  3,  is  that  there  are  two  basic  processes  in  which  inter¬ 
ference  may  originate^  one  is  the  generation  of  varying  electromotive  forces, _ t^ 

other  the  variation  of  impedances, 

1,  3,1  TUB  GENBRATION  OF  VARYING  ELECTROMOTIVE  FORCES 

There  are  three  processes  of  generation  of  electromotive  forces  which  will  be 
discussed  in  the  following  paragraphs;  generation  by  mechanical  means  in  rotating 
machinery,  generation  by  switching  action  in  vacuum  tube  oscillators,  and  genera¬ 
tion  of  equivalent  voltages  In  non-linear  impedances.  These  three  are,  by  far,  the 
most  important  sources  of  interference  in  aircraft  under  the  heading  of  this  para¬ 
graph,  The  generation  of  electromotive  forces  by  chemical  means  in  batteries  may 
also  be  a  source  of  interference,  but  such  interference  is  extremely  minute  and  not 
important  for  this  book.  The  generation  of  electromotive  forces  by  friction  and  other 
causes  on  the  outside  of  aircraft  is  important,  but  will  be  treated  separately  in  Sec¬ 
tion  4,  Voltages  Induced  by  the  action  of  mutual  inductance  need  not  be  considered, 
since  the  voltage  generating  the  inducing  current  is  a  more  elementary  consideration. 

1.  3,  1 ,  I  ROTATING  MACHINERY 

In  all  rotating  machinery,  there  is  a  relative  motion  between  a  set  of  conduc¬ 
tors  and  a  magnetic  field.  An  electromotive  force,  E,  is  induced  in  the  conductors, 
which  may  be  computed  according  to  the  basic  law, 

E  =  B  L  V  (5) 

in  which  B  U  the  magnetic  flux  density.  L  the  effective  length  of  the  conductor  per- 
pendievdar  to  the  field,  and  v  the  component  of  relative  velocity  perpendicular  to  L 
and  B.  The  quantity  B  is  varying  in  all  cases  encountered  in  aircraft,  because  it  is 
not  practical  to  have  the  motion  take  place  in  a  constant  field.  Ideally,  in  an  alter¬ 
nating  current  machine,  the  variation  is  such  that  the  generated  voltage  is  a  pure 
sine  wave.  Ideally,  in  a  direct  current  machine,  the  variation  is  such  that  the  gen¬ 
erated  voltage,  as  measured  at  the  terminals,  is,  constant  while  the  brushes  slide  on 
any  one  commutator  segment,  as  well  as  when  they  slide  to  the  next  segment.  Actual¬ 
ly,  deviations  from  the  ideal  are  always  present  in  both  types  of  machines.  The 
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peripheral  velocityj  v,  of  the  conductors  will  not  be  exactly  constant,  and  the  ef¬ 
fective  length,  L,  of  the  conductors  will  not  always  be  exactly  the  same  for  all  con¬ 
ductors.  Thus,  irregular  variations  occur  in  all  factors,  on  the  right  of  the  above 
equation,  and,  as  a  result,  the  generated  electromotive  force,  E,  will  always  con¬ 
tain  unde  sired  variations,  It  is  the  task  of  the  machine  designer  to  produce  a  machine 
in  which  these  variations  are  as  small  as  possible. 

In  a  direct  current  machine,  an  additional  difficulty  arises.  Even  if  the  ideal 
is  appmehed  very  clbsely  and  the  output  voltage  appearing  at  the  brushes  is  free 
from  any  ’’ripples'*,  the  voltages  induced  in  the  conductors  miist  jumpabruptly  from 
one  constant  value  to  another  each  time  the  brushes  pass  from  one  commutator  seg¬ 
ment  to  the  next,  so  that  the  current  in  the  armature  will  show  very  rapid  variations 
and  therefore  be  very  rich  in  harmonics,  even  though  the  external  current  may  be 
free  of  them.  This  is  one  of  the  reasons  why  direct  current  machines  are  more 
troublesome  from  the  point  of  view  of  radio'interference  than  alternating  current 
machines.  (The  other  is  that  the  process  of  commutation  itself  practically  alv/ays 
introduces  harmonics  into  the  external  current,  as  will  be  pointed  out  in  Paragraph 
1.3,  2. 2.  )  Obvibusly,  the  design  engineer  must  develop  rotating  electrical  machin¬ 
ery  with  the  best  possible  mechanical  and  electrical  characteristics  in  order  to  min- 
iibize  the  generation  of  interference, 

1 .  3 .  1 . 2  VACUUM  T UBE  OSC ILLAT ORS 

An  alternating  electromotive  force  may  also  be  generated  in  a  vacuum  tube 
oscillator.  The  frequencies  required  for  the  normal  operation  of  many  types  of  elec¬ 
tronic  equipment,  e,g, ,  the  frequencies  generated  in  the  local  oscillators  of  super¬ 
heterodyne  receivers,  often  cause  interference  in  other  equipment  even  when  the 
oscillator  is  an.idealone  and  generates  a  perfect  sine  wave.  The  interference  caused 
by  the  fact  that  th®  oscillator  is  not  an  ideal  one,  will  be  discussed  later.  Here, 
attention  is  drawn  to  the  fact  that  the  oscillators  are  likely  to  be  sources  of  inter¬ 
ference  by  virtue  of  the  very  function  they  are  called  upon  to  perform. 

1  *  3. 1 . 3  NON- LINEAR  IMPEDANCES 

Impedances  which  vary  in  time  cause  varying  currents,  as  will  be  discussed 
in  the  next  paragraph.  But  impedances  that  vary  with  the  current  through  tlj^em  or 
with  the  voltage  applied  across  them  (so-called  "non-linear"  impedancesh  act  like 
equivalent  generators  of  varying  electromotive  forces.  This  may  be  shown  as  follows. 
Cons  .  r  the  circuit  of  Figure  1,3.  1,3-A,  The  generated  voltage  of  the  generator 
is  Cq  =  Eq  sin  ojt,  and  the  non-linear  impedance  Z  is  assumed  to  be  a  function  of  the 
current  i,  Z  =  f  (i),  which  can  be  developed  into  a  Taylor  series: 

♦ 

Z  =  Zq  +  Aj  i  +  A2  i^  +  .  .  .  (6) 

where  the  coefficients  Zq,  Aj,  A2,  etc,  are  assumed  to  be  known.  Then  the  cur¬ 
rent  is 


Eq  sin  wt 

Zq  +  Aj  i  +  A.^  i^  .  .  , 


(7) 
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This  implicit  equation  for  i  may  be  solved  explicitly  by  the  method  of  successive 
approximations  if  the  assumption  is  made  that  Aj  and  A2  are  small  and  all  higher 
terms  are  negligible.  Denoting  successive  approximations  to  i  by  iQ,  i^,  etc.,  one 
has: 


io 


sinu)t 
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It  is  not  necessary  to  go  any  further  in  order  to  see  chat  the  second  term  in  Equation  (6) 
gives  rise  to  a  term  that  varies  as  sin^wt  =  (1/2)(1  -  cos  Ztot),  and  that  the  third  term 
iilEquation(6)  i^ives  rise  to  a  term  that  varies  as  sin^wt  =  (l/4)(3  sin  tot  -  sin  3<ot), 
Therefore,  the  current  will  contain  a  second  and  third  harmonic  that  were  not  pre¬ 
sent  in  the  original  source.  It  is  possible,  in  general,  to  replace  any  non-linear 
impedance  by  a  linear  impedance  in  series  with  one  or  more  generators  whose  fre¬ 
quencies  are  harmonics  of  the  actual  source  frequency.  Thus,  the  circuit  of  Figure 
1,3,1,3-A,  which  contains  a  non-linear  impedance,  is  equivalent  to  the  circuit  shown 
in  Figure  1,3,1.3-B,  which  contains  only  linear  impedances,  but  has  additional  sig¬ 
nal  generators. 


Fig.  1.3.1.3-A  Circuit  Containing  Fig.  1.3.  1.3-B  Circuit  with  Linear 
a  Non-linear  Impedance  Impedance  Equivalent  to  the  Circuit 

of  Figure  I,  3.  1.  3- A 


Still  greater  complications  arise  in  cases  where  the  impedance  Z  is  a  func¬ 
tion  of  both  the  current  i  and  its  rate  of  change  di/dt.  This  happens,  for  example, 
in  a  non-linear  inductance.  While  the  mathematics  involved  are  more  complicated, 
the  net  results  are  essentially  the  same.  It  is  still  possible  to  replace  the  non-linear 
impedance  by  a  linear  one  in  series  with  a  number  of  harmonic  generators. 


Thus, 

ference. 
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3.  2  VARIATION  OF  IMPEDANCE 

The  variatioai  of  impedaiica  to  the  flow  of  current  is  of  the  most  important 
causes  of  tmdesired  current  variations.  U s ualiy  the  var iation  is  one  of  the  r e s is tanc e , 
hut  variations  of  inductance  and  capacitance  may  be  troublesome  also.  The  most 
extreme  case  of  variable  impedance  is  a  switch,  where  the  impedance  changes  from 
some  finite  value  to  infinity  or  vice  versa.  Less  extreme  cases  occur,  where  the 
impedance  changes,  more  or  less  suddenly,  from  one  finite  value  to  another!  but 
from  the  discussion  in  Paragraph  1.2  it  is  clear  that  very  slow  and  gradual  changes 
will  hot  result  m  appreciable  interference.  On  the  other  hand,  very  sudden  changes, 
even  though  small,  maycav.se  a  large  number  of  undesired  harmonics  of  appreciable 
amplitude. 

The  most  important  cases  of  trouble-causing  impedance  variations  are  dis¬ 
cussed  in  the  following  paragraphs. 

1.  3.  2.1  BRUSHES 

Electrical  contact  between  circuit  components  in  relative  motion  is  usually 
made  by  means  of  brushes  that  ride  on  slip  rings  pr  commutatorb,  Due  to  the  me¬ 
chanical  action  of  friction,  both  surfaces  wear  down  gradually,  although  the  brushes 
wear  down  faster  than  the  harder  metallic  surface  of  the  slip  ring.  The  process  bf 
brush  wear,  which  is  gradual  on  a  macroscopic  scale,  is  actually  very  irregular 
and  of  random  nature  on  a  microscopic  scale.  Fairly  large  carbon  particles  are 
torn  loose  and eithsr  ejected  or  burned,  so  thaj:  the  contact  resistance,  whichdepends 
both  on  the  pressure  and  on  the  actual  contact  area,  is  subject  to  sudden  random 
variations  of  considerable  magnitude.  In  addition  to  this,  vibrations  may  be  set  up 
in  the  mechanical  system  of  the  brushes,  springs  ,  and  brush  holders,  which  cause 
the  pressure,  and  thus  the  resistance,  to  vary.  In  extreme  cases,  the  variations  of 
pressure  may  be  so  great  that  the  brush  bounces  completely  off  the  metal,  thus  caus- 
ii^  a  true  switching  action.  These  causes  combine  to  make  all  brushes  a  serious 
source  of  interference. 

1.  3.  2.  2  MECHANICAL,  SWITCHES  AND  COMMUTATORS 

When  a  switch  is  opened  or  closed  in  an  electrical  circuit,  the  impedance  in 
tha  branch  containing  the  switch  changes  suddenly  from  prsctically  zero  to  infinity, 
or  vice  versa.  The  currents  and  voltages  in  the  circuit  must  readjust  themselves, 
and  whenever  the  circuit  contains  inductances  or  capacitances,  this  adjustment  can¬ 
not  take  place  instantaneously,  because  the  energy  stored  in  the  magnetic  field  of 
the  inductance  or  electric  field  of  the  capacitance  cannot  change  instantaneously. 
There  is  a  brief  time  interval  during  which  the  readjustment  takes  place,  and  the 
changing  currents  and  voltages  during  this  interval  are  called  transients.  As.  was 
pointed  out  in  Paragraph  1.2,  any  transient  may  cause  radio  interference,  and  there¬ 
fore  any  switch  is  a  potential  source  of  interference. 

In  addition  to  transients  produced  during  the  normal  functioning  of  a  switch, 
severe  interference  may  be  created  due  to  arcing  between  the  contactors  of  the  switch, 
immediately  before  making  or  after  breaking  physical  contact.  If  the  voltage  be¬ 
tween  contactors  is  high  and  the  process  of  ^losing  the  switch  comparatively  slow', 
there  may  be  a  time  when  the  points  of  contact  are  separated  by  a  distance  shorter 
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than  that  required  for  breakdown  of  the  insulation  betv/een  them;  and  if  the  time  re¬ 
quired  for  ionization  is  shorter  than  that  required  to  close  the  switch  fully,  arc-over 
will  occur,  A  somewhat  similar,  but  more  frequent,  phenomenon  is  arc-over  be¬ 
tween  contacts  during  the  process  of  separating  them,  providing  that  the  circuit  has 
enough  inductance  to  induce  the  voltage  necessary  to  maintain  the  arc.  In  either  case, 
the  resistance  of  the  arc  varies  rapidly  through  a  wide  range  of  values,  and,  hencej 
varying  currents,  rich  in  interfering  frequency  components,  are  produced.  Since 
an  arc  tends  to  maintain  a  current  that  is  decreasing  to  zero,  arcing  actually  de¬ 
creases  the  severity  of  the  transients  by  decreasing  the  rate  of  change  of  the  current. 
But  little  is  gained  because  the  arcing  itself  produces  severe  interference.  The 
result  of  normal  switching  transients,  whether  or  not  accompanied  by  arcing,  is  the 
familiar  clicking  sound  so  often  heard  in  the  earphones  of  radio  receivers  during 
switching  processes. 

One  of  the  most  important  examples  of  an  interference -producing  switching 
urocess,  is  commutation  in  rotating  electrical  machines.  The  function  of  a  commu¬ 
tator  is  to  switch  the  output  terminals  from  one  set  of  terminals  on  the  armature  to 
another  in  such  a  way  as  to  keep  the  current  and  generated  voltage  as  constant  as 
possible.  The  switching  action  of  a  commutator  is  explained  with  the  aid  of  Figures 
I,  3,2.2-A,  B,  and  C.  In  each  diagram,  the  individual  armature  conductors  are 
represented  by  generators,  the  size  of  each  generator  indicating  the  magnitude  of 
the  voltage  induced  in  it,  in  Figure  1, 3,2.2-A,  the  generators/(coils)  Gare  aboutto 
undergo  commutation.  The  voltage  induced  in  them  is  very  small,  but  one  half  of 
the  full  line  current  is  flowing  through  them  in  the  direction  indicated  by  the'krrow. 
In  Figure  1,  3,  2.2-B,  the  same  generator  s  fcoils)  have  moved  under  the  brushes  and 
are  now  undergoing  commutation.  They  are  short-circuited  and  the  voltage  induced 
in  them  is  ideally  zero  while  the  current  is  changing  to  a  new  value.  In  Figure 

1.3. 2.2- C,  commutation  in  generators  G  has  been  completed.  Now  a  small  voltage 
in  the  opposite  direction  is  induced  in  them,  and  the  current  in  them  is  again  one- 
half  of  the  full  line  current,  but  the  current  now  flows  opposite  to  its  previous  direc¬ 
tion,  During  commutation,  the  current  must  change  from  some  positive  value  to  an 
equal  negative  value.  The  variation  may  be  as  shown  in  one  of  the  curves  of  Figure 

1.3.2.2- D,  which  are  called  over -commutation,  under -commutation,  and  linear 
commutation,  respcctivelyir. 

This  analysis  makes  clear  that,  even  under  ideal  conditions,  direct  current 
machines  with  commutator  s  must  be  a  source  of  interference  in  three  distinct  ways: 
(1)  the  current  in  the  coil  undergoing  commutation  must  change  rather  rapidly,  (2) 
the  voltage  generated  must  vary  as  the  voltage  induced  in  each  coil  varies  with  its 
position  in  the  magnetic  field,  and  (3)  the  total  armature  impedance  between  brushes 
must  change  as  some  of  its  coils  are  short-circuited  by  the  brushes.  In  addition, 
there  are  many  opportunities  for  interference  to  be  gene  rated  due  to  deviations  from 
the  ideal,  such  as  the  voltage  induced  in  the  coil  undergoing  commutation  not  being 
exactly  zero,  or  arcing  at  the  brushes, 

1,3.  2,  3  ELECTRONIC  DEVICES 

In  many  applications,  a  vacuum  or  gas-filled  electron  tube  is  used  to  produce 
switching  action.  These  tubes  are  particularly  useful  as  generators  of  non-sinusoidal 
wave  forms  and  find  wide  applications  as  pulse  generators,  modulators,  and  oscil¬ 
lators,  In  these  applications,  the  generation  of  harmonics  is  desired  and  is  essential 
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to  the  proper  operation  of  the  device.  It  is  not  surprising,  then,  that  these  devices 
also  rank  high  as  interference  generators. 

The  basic  circuit  of  an  oscillator  of  this  type  (a  so-called  "relaxation  oscil¬ 
lator"),  is  shown  in  Figure  1.  3.  2.3.  When  the  battery  switch  is  closed,  the  con¬ 
denser  charges  through  a  resistance  until  the  voltage  across  the  tube  exceeds  the 
breakdown  voltage.  When  that  point  is  reached,  the  condenser  discharges  very  rapid¬ 
ly  through  the  low  impedance  of  the  tube  until  the  voltage  across  the  tube  drops  to  a 
value  below  that  necessary  to  maintain  the  arc.  After  that,  the  tube  impedance" be¬ 
comes  infinite,  .and  the  entire  cycle  repeats.  All  electronic  pulse  generators  or 
non-sinusoidal  oscillators  use  this  basic  principle,  although,  in  practice,  the  circuits 
will  be  more  complicated.  In  particular,  much  more  flexible  control  may  be  achieved 
by  using  a  triode,  and  applying  a  control  voltage  to  the  grid,  instead  of  relying  en¬ 
tirely  on  the  plate  voltage  to  cause  breakdown  ("closing"  of  the  switch)  at  the  desired 
instant.  If  a  triode  is  used,  vacuum  tubes  may  be  substituted  for  gas  tubes  because 
a  sufficiently  large  negative  control  voltage  on  the  grid  will  "cut  off"  the  plate  cur¬ 
rent,  thus  opening  the  switch. 


Fig.  1.3.. ,2.  3  Simple  Relaxation  Oscillator 

An  undesired  variation  of  impedance  also  takes  place  in  vacuum  tubes  used  as 
sinusoidal  generators.  Due  to  the  non-linearity  of  the  tube  characteristics,  there 
will  always  be  some  harmonics  generated  in  an  electronic  oscillator,  together  with 
the  desired  frequency.  In  fact,  this  effect  is  unavoidable,  though  it  may  be  kept 
quite  small,  because  an  oscillator  is  essentially  a  non-linear  device.  'Were  it  Unear, 
the  amplitude  of  oscillation  would  be  unstable,  all  values  being  equeilly  possible.  It 
is  the  non-linearity  of  the  tube  that  provides  the  stabilizing  effect,  by  varying  the 
impedance  in  such  a  manner  as  to  counteract  any  small  changes  of  amplitude  which 
may  occur.  Thus,  no  vacuum  tube  oscillator  produces  a  perfect  sine  wave,  although 
in  practice  the  harmonic  generation  can  be  kept  extremely  low.  The  larger  the  power 
output  of  the  tube,  the  more  difficult  it  becomes  to  keep  the  harmonics  small.  There¬ 
fore,  it  is  usually  the  last  stage  of  a  transmitter,  or  similar  electronic  device,  which 
is  most  likely  to  produce  interference.  However,  the  sensitivity  of  modern  receivers 
is  such  that  even  very  weak  interfering  signals  may  be  very  troublesome.  There¬ 
fore,  it  becomes  necessary  to  watch  carefully  all  stages  of  transmitters  and  elimi¬ 
nate  all  harmonic  generation,  as  much  as  possible. 

1.3.  2.4  ARCING 

When  the  electric  field  intensity  in  a  dielectric  between  two  conductors  exceeds 
the  breakdown  strength  of  the  dielectric,  an  arc  occurs,  resulting  in  very  rapid  and 
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large  variations  of  the  impedance  of  th^  path  between  the  conductors.  The  rapidity 
of  impedance  variation  depends  on  the  properties  of  the  dielectric,  as  well  as  on  the 
external  circuit.  In  the  case  of  a  gas,  it  is  the  ionization  and  de-ionization  time  that 
is  most  important.  Usually,  the  first  is  much  shorter  than  the  second;  hence,  the 
most  rapid  changes  and  the  most  severe  interference  take  place  during  the  actual 
breakdown  of  the  gas.  Arcing  in  solid  or  liquid  dielectrics  is  not  considered  here, 
because  its  occurrence  would  be  classified  as  a  failure  of  the  system  and,  there¬ 
fore,  would  not  be  expected  anywhere  during  normal  operation.  While  not  all  gaseous 
discharges  are  arcs,  it  is  notnecessary  to  distinguish  here  between  the  various  types 
of  discharges.  The  word  "arc”  will  be  used  for  all  types  of  electrical  discharges 
discussed  in  this  book. 

Arcing  occurs  both  by  design  and  as  an  undesirable  by-product.  Its  occur¬ 
rence  during  switching  processes  has  already  been  mentioned.  it  may  also  occur 
when  a  potential  difference  is  developed  between  two  structural  members  that  are 
almost,  but  not  quite,  in  contact.  If  the  distance  between  contact  points  is  variable, 
due  to  shock  or  normal  vibration  in  the  aircraft,  there  is  the  additional  effect  of  the 
varying  capacitance,  which  introduces  a  varying  impedance,  even  in  the  absence  of 
an  arc.  Since  structural  members  in  aircraft  are  univer sadly  used  as  ground  return 
paths  for  power  currents,  and  sometimes  also  for  control  and  communication  cur¬ 
rents,  it  is  clear  that  lack  of  good  electrical  contact  at  any  point  will  be  a  serious 
source  of  interference. 

Hecause  arcing  always  produces  large  transients,  special  precautions  must 
be  taken  when  arcing  occurs  by  design,  as  in  the  ignition  system  or  the  transmit- 
receive  box  of  a  radar  set.  These  transients  cause  a  large  amount  of  radio  inter¬ 
ference  unless  they  are  prevented  from  reaching  the  receiver. 

Arcing  may  also  occur  between  external  pairts  of  the  aircraft  and  the  surround¬ 
ing  atmosphere.  This  phenomenon,  called  corona  discharge,  will  be  discussed  in 
detail  in  Section  4. 

1,4  CONSIDERATION  OF  THE  ENTIRE  AIRCRAFT  AS  A  SINGLE  NETWORK 

In  order  for  any  interference  to  become  effective,  it  must,  in  some  way  or 
other,  reach  the  receiver.  Within  the  airframe  there  is  rarely  a  single  mode  of 
transmission  from  the  point  of  generation  to  the  receiver,  i.  e.,  transmission  is 
rarely  entirely  by  radiation,  or  entirely  by  inductive  coupling.  In  subsequent  para¬ 
graphs,  such  single  modes  will  be  described  and  analyzed,  but  in  this  paragraph, 
emphasis  is  placed  on  the  fact  that  the  entire  aircraft,  including  all  its  equipment  and 
wiring,  must  be  considered  as  one  entity  in  any  complete  analysis  of  interference. 
Frequently,  one  particular  mode  of  transmission  will  be  more  important  than  the 
others,  but  there  is  always  great  danger  that,  in  over-emphasizing  this  one  mode, 
important  interactions  with  other  modes  will  be  completely  overlooked.  Often  these 
interactions  modify  the  original  mode  to  such  an  extent  as  to  make  the  isolated  anal¬ 
ysis  of  that  mode  alone  completely  invalid. 

For  purposes  of  analysis,  then,  the  entire  aircraft  must  be  considered  as  a 
four  terminal  transmission  network,  characterized  by  four  parameters;  (1)  a  single 
complex  input  impedance  at  the  terminals  to  which  the  interference  source  is  con¬ 
nected,  (2)  a  single  complex  output  impedance  at  the  terminals  to  which  the  receiver 
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ig  connected,  and,  (3)  and  (4)  two  transfer  impedances  or  transfer  constants.  These 
Itist  two  will  be  different,  in  general,  but  will  be  equal  in  the  special  case  of  great¬ 
est' practical  importance,  when  the  network  contains  only  bilateral  elements. 

As  was  already  pointed  out  in  Paragraph  1.2,  the  character  of  a  signal  is  deter¬ 
mined  not  only  by  the  process  of  its  generation,  but  also  by  the  internal  impedance 
of  the  source,  as  well  as  the  impedance  into  which  the  source  is  operating.  This 
statement  emphasizes  that  source,  transmitting  network  or  medium,  and  receiver 
cannot  be  treated  independently,  but  must  be  coriSidered  as  one  unit.  This  idea  is 
referred  to,  for  brevity,  as  the  ''impedance  concept",  because,  as  far  as  the  source 
is  concerned,  the  entire  aircraft  and  receiver  can  be  replaced  by  a  single  complex 
impedance,  and,  as  far  as  the  receiver  is  concerned,  the  entire  aircraft  and  source 
ean  be  replaced  by  a  generator  in  series  with  a  single  complex  impedance. 

The  consideration  of  the  aircraft  as  a  four-terminal  network  is  adequate  for 
most  applications,  but  lacks  generality  in  two  respects.  As  will  he  discussed  later 
(see  Paragraph  1.6),  the  concepts  of  networks  and  terminals  become  meaningless 
at  frequencies  for  which  the  wave  length  becomes  comparable  in  magnitude  with  the 
dimensions  of  the  equipment  and  wiring  involved.  The  term  ’’network"  may  be  gen¬ 
eralized  so  as  to  acquire  meaning  for  this  case  also,  but  it  will  be  more  convenient 
to  talk  about  "transmitting  media"  which  are  coupled  to  the  source  and  the  receiver 
and  to  each  other  through  electric  or  magnetic  fields,  or  through  mutual  impedances 
that  cannot  be  localized  at  any  terminals. 

The  other  lack  of  generality  lies  in  that  this  impedance  concept  does  not  apply 
readily  in  the  presence  of  non-linear  impedances.  If  the  principle  of  superposition 
does  not  apply,  consideration  of  a  four-terminal  network  is  not  sufficient,  because 
of  the  possible  interactions  between  the  interfering  signal  under  consideration  and 
some  other  signal,  which  may  be  a  desired  or  another  interfering  signal.  Fortu¬ 
nately,  non-linear  elements  are  vary  rare  in  the  transmitting -network,  and  occur 
mostly  within  the  receiver  itself.  They  will  be  discussed  in  that  connection  in  Para¬ 
graph  1.  7,  For  the  present,  it  is  assumed  that  only  linear  elements  need  be  con¬ 
sidered,  and,  therefore,  the  consideration  of  four  terminals  is  adequate. 

The  general  theory  of  four -terminal  transmission  networks  is  extensively  treat¬ 
ed  in  several  textbooks.  There,  it  is  shown  that  any  linear,  passive,  four-terminal 
network  is  completely  specified  by  four  complex  parameters,  which,  in  general,  are 
functions  of  frequency.  Several  sets  of  four  may  be  used,  but  the  two  image  imped¬ 
ances  and  the  two  transfer  constants  are  the  most  convenient  ones  for  the  present 
purposes.  The  image  impedances  are  those  impedances  which  must  terminate  the 
network  in  order  to  have  an  impedance  match  (i.  e. ,  equal  impedances  looking  into 
and  out  of  the  network;  not  the  conjugate  match  required  for  mciximum  power  trans¬ 
fer)  at  each  pair  of  terminals.  The  transfer  constants  are  one  half  of  the  logarithm 
of  the  ratios  of  volt-amperes  in  to  volt-ampjeres  out  when  the  network  is  terminated 
in  its  image  impedances.  For  a  network  containing  only  bilateral  elements,  three, 
instead  of  four,  independent  parameters  suffice  to  specify  the  network,  since  the 
two  transfer  constants  become  equal.  If,  in  addition,  the  network  is  symmetrical, 
the  image  impedances  are  equal  also,  and  only  two  independent  parameters  are  left. 

Consider,  now,  the  circuit  of  Figure  1,4.  The  transmission  network  is  linear 
and  bilateral,  but  not  necessarily  symmetrical.  It  ha.s  image  impedances,  Zjj  and 
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Zx2  ^  transfer  constant  9.  A  generator  of  voltage  E  and  internal  impe4ance  Zg, 
is  connected  to  the  input  terminals,  and  a  load  is  connected  to  the  output  ter- 
minals.  It  is  assumed  that  the  impedances  are  not  matched  on  either  side,  so  that 
.  j  j/  Zij  and  Zt^  Zig.  Then  the  currents  in  the  generator  and  in  the  load  im¬ 
pedance  are  given  by: 


'W 


where  F^.  =  (  Zr  -  Zj^)  /  (  Zr  +  Z12  )  ,  and 


^  2  Zg  2Zi2 

2  Zg  Zjj  +  Zg  2iR  +  Zj^ 


^2  1 


(  Zi^  -  Zs)(  Z12  -  Zr)  ^.20 
(  +  Zs){  Z12  +  Zr  )  ^ 


Fig,  1,  4  Generalized  Four  Terminal  Transmission  Network 


The  expression  for  Ij  in  Equation  (11)  means  that  the  input  current  may  be  obtained 
by  taiiting  the  ratio  of  the  voltage  E  to  the  total  impedance  of  the  circuit.  Hence, 
the  second  term  in  the  denominator  must  be  the  imp>edance  of  the  network  when  ter¬ 
minated  in  Zr.  The  various  factors  in  the  expression  for  I2  have  very  simple  inter¬ 
pretations  also.  The  first,  E/EZg,  is  the  current  that  would  flow  if  the  source  were 
simply  connected  to  a  matching  impedance  Zg.  The  second  term,  2Zs/(Zij  +  Zg), 
called  the  transmission  factor,  shows  that  this  ideal  current  is  modified  in  going 
from  the  impedance  Zg  to  the  impedance  Zjj,  The  third,  2Zi2/(Zr  +  Zi2),  is  a 
similar  transmission  factor,  indicating  the  modification  due  to  the  transition  from 
Zi2  to  Zr.  The  fourth,  e*®,  gives  the  attenuation  and  phase  shift  due  to  a  symmet¬ 
rical  network  of  transxer  constant  0.  The  fifth,  ^Zjj/ Z12,  indicates  the  transformer 
action  of  an  asymmetrical  network.  The  last,  finally,  is  the  so-called  interaction 
factor,  which  arises  from  the  multiple  reflections  in  a  network,  connected  into  a 
circuit,  where  the  impedances  are  not  matched  at  either  end. 

If  the  transfer  of  power  through  the  network  is  of  primary  interest,  the  two 
transmission  factors  and  the  interaction  factor  must  be  considered  as  introducing 
losses  due  to  the  lack  of  a  good  match  at  either  end.  But  if  the  quantity  of  interest 
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is  the  output  current  or  voltage,  without  any  consideration  of  power,  these  factors 
«  may  easily  introduce  gains  rather  than  losses.  For  example,  if  the  input  impedance 

of  the  receiver  is  very  high,  as  in  the  grid  circuit  of  a  pentode,  the  output  current 
and  power  are  very  low,  but  the  output  voltage  might  become  very  large  due  to  the 
transmission  and  interaction  factors.  This  fact  is  of  great  importance  to  the  trans¬ 
mission  of  interference,  because  it  shows  that  it  is  by  no  means  necessary  to  have 
an  impedance  match  for  maximum  transmission  of  either  voltage  or  current.  On 
the  contrary,  a  mismatch  may  actually  introduce  an  increase  in  the  interfering  cur¬ 
rent  or  voltage  at  the  output,  or  it  may  result  in  causing  such  large  currents  to  flow 
from  a  power  supply  that  the  machine  is  damaged  or  circuits  overloaded  to  the  point 
where  a  fire  hazard  exists.  Thus  the  practice  of  inserting  large  capacitors  in  cir- 
cviits  to  reduce  interference  without  careful  consideration  of  what  effects  impedance 
mismatches  may  cause,  is  to  be  avoided.  The  reflection  gain  or  loss  in  decibels 
resulting  from  a  mismatch  of  impedances  at  a  junction  in  a  transmission  line  is  given 
in  Figure  V-7  in  Appendix  V. 

Similarly,  the  "transformer  factor",  ^Zjj/ which  produces  the  siume  mod¬ 
ification  of  current  and  voltage  as  a  perfect  transformer,  introduces  neither  gain 
nor  loss,  as  far  as  the  power  is  concerned.'  But,  if  the  quantity  of  interest  is  cur¬ 
rent  or  voltage,  this  factor  may  cause  an  unexpectedly  large  gain.  These  facts  ex¬ 
plain  why  it  happens  that  an  interference  source  sometimes  produces  large  disturb¬ 
ances  in  a  particular  receiver,  even  though  laboratory  measurements  show  no  ex¬ 
cessive  currents  or  voltages  when  the  source  is  tested  alone. 

1.5  APPLICABILITY  OF  THE  "IMPEDANCE  CONCEPT"  TO  THE  SOLUTION  OF 
INTERFERENCE  PROBLEMS 

The  problem  of  combating  interference  is  a  threefold  one:  to  minimize  its 
generation,  its  transmission,  and  its  undesirable  effects  on  the  receiver.  The  im¬ 
pedance  concept  is  useful  in  all  three  of  these,  but  particularly  in  the  second.  The 
transmitting  network,  which  is  the  aircraft  with  all  its  equipment  and  wiring,  is  not 
designed  with  any  specific  purpose.  In  fact,  it  is  not  designed  as  a  network  at  all.' 
It  is  a  haphazard  conglomeration  of  wires  and  pieces  of  equipment  which  happen  to 
form  network  elements.  It  is  not  surprising,  then,  that  often  a  shield  or  filter,  de¬ 
signed  on  the  bvasis  of  considering  only  a  small  portion  of  this  total  network,  turns 
out  to  increase,  rather  than  decrease,  the  interference  at  the  receiver.  In  alrnost 
all  cases  of  this  kind,  the  failure  can  be  traced  to  the  lack  of  consideration  of  the 
complete  picture.  By  suppressing  one  mode  of  transmission,  another  might  be  suf” 
ficiently  favored  to  produce  the  undesired  result.  A  device  designed  to  reduce  the 
generation  of  interference  might  greatly  increase  its  transmission,  thus  minimizing 
or  even  cancelling  the  effect  of  the  reduction. 

The  tremendous  increase  in  the  importance  of  the  radio  interference  problem 
in  recent  years  is  due  to  the  following  reasons: 

(a)  The  large  increase  in  the  number  of  both  receivers  and  potential  interfer¬ 
ence  sources  in  modern  aircraft, 

(b)  The  necessity  of  having  a  large  number  of  pieces  of  electronic  equipment 
crowded  together  in  close  quarters. 
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(c)  The  increased  opportunity  of  transmission  of  interfering  signals  due  to  the 
large  amount  of  wiring  required  in  modern  aircraft, 

(d)  The  increased  sensitivity  of  modern  receivers. 

(e)  The  increased  use  of  higher  and  higher  frequencies  for  communication 
purposes. 

All  but  the  last  two  of  these  causes  are  such  that  a  unified  overall  approach,  such  as 
is  suggested  by  the  impedance  concept,  seems  not  only  advantageous,  but  absolutely 
essential.  One  can  hardly  hope  to  cope  with  a  problem  that  arises  from  the  combined 
action  of  all  the  elements  of  the  air-craft  by  isolating  just  a  small  part  of  it  and  de¬ 
signing  a  solution  for  that  isolated  part.  A  further  discussion  of  the  nse  of  the  im¬ 
pedance  concept  will  be  found  in  Appendix  V. 

1.6  METHODS  OF  TRANSMISSION 


As  far  as  the  source  is  concerned,  an  interfering  signal  is  sent  into  some  im¬ 
pedance,  which,  in  turn,  may  react  back  on  the  source  to  help  determine  the  char¬ 
acter  of  the  signal.  Whether  or  not  the  signal  eventually  reaches  the  receiver  has 
no  effect  on  the  source.  On  the  other  hand,  as  far  as  the  receiver  is  concerned,  an 
interfering  signal  is  receive4  from  an  active  network  with  a  certain  internal  impe4- 
ance.  According  to  Th6venin*s  theorem*,  it  is  only  this  impedance  and  the  open- 
circuit  voltage  (or  the  short-circuit  current)  which  need  to  be  considered  as  far  as 
the  effect  on  the  receiver  is  concerned.  This  section*  however,  is  concerned  with 
the  way  in  which  the  intex-fe  ring  signal  is  transmitted  from  the  source  to  the  receiver, 
and,  therefore,  attention  will  be  focused  on  the  intervening  network  itself  rather 
than  on  its  input  and  output  impedances. 

In  talking  about  networks  (using  this  word  in  its  most  general  sense),  two  points 
of  view  may  be  taken:  viz, ,  either  the  field  or  the  circuit  point  of  view.  The  field 
concept  is  by  far  the  more  general  and  is  always  applicable.  The  circuit  concept 
is  a  special  case,  and,  where  applicable,  leads  to  great  simplifications.  The  ordi¬ 
nary  circuit  equations  can  be  derived  from  Maocwell's  equations,  which  describe  the 
properties  of  the  field  under  certain  simplifying  as  sumptions,  the  most  important 
of  which  are  the  neglect  of  retardation  effects,  displacement  currents,  and  phase 
variations  of  the  current  in  a  series  circuit.  All  of  these  assumptions  are  excellent 
approximations  at  low  frequencies,  but  become  poorer  as  the  frequency  increases, 
and  break  down  completely  as  the  wave  length  becomes  comparable  in  magnitude 
with  the  circuit  dimensions.  In  some  cases  it  is  possible  to  account  for  high  fre¬ 
quency  effects  by  introducing  artificial  circuit  parameters,  such  as  the  radiation 
resistance  of  an  antenna,  while  still  adhering  to  the  circuit  concept;  but  in  general 
there  will  be  a  frequency  above  which  the  circuit  concept  must  be  abandoned.  Cer¬ 
tain  low  frequency  phenomena,  such  as  the  coupling  due  to  stray  capacitances  and 

- - 

*Thevenin's  theorem  states  that,  as  far  as  the  load  is  concerned,  any  two- 
terminal  network  containing  a  number  of  linear  imipedances  and  generators  may  be 
replaced  by  a  single  equivadent  generator  in  series  with  a  single  impedance.  The 
voltage  of  the  equivalent  generator  is  equal  to  the  open-circuit  voltage  of  the  network, 
and  the  single  impedance  is  equal  to  the  impedance  looking  into  the  network  with  all 
the  generators  replaced  by  their  internal  impedances. 
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inductances,  could  also  be  treated  better  from  the  field  point  of  view.  However, 
since  most  engineers  are  more  familiar  with  circuits,  the  circuit  concept  will  be 
preferred  in  these  cases.  Nevertheless,  the  field  concept  will  not  be  overlooked: 
and,  whenever  the  circuit  concept  proves  inadequate,  the  field  concept  will  be  uti- 
■*  lized. 

Two  circuits  are  said  to  be  coupled  when  currents  or  voltages  in  one  produce 
corresponding  currents  or  voltages  in  the  other.  According  to  circuit  concepts,  two 
circuits  may  be  coupled  either  by  a  mutual  impedance  or  by  a  mutual  admittance.  A 
mutual  impedance  exists  between  two  circuits  when  the  current  flowing  in  circuit  1 
produces  a  voltage  in  cir«?uit  2.  The  magnitude  of  the  mutual  impedance  is  the  ratio 
of  the  open  circuit  voltage  of  circuit  2,  with  all  other  voltage  sources  removed,  to 
^  the  current  in  circuit  1.  A  mutual  admittance  exists  between  a  point  of  circuit  1  and 

a  point  of  circuit  2  whi^n  the  voltage  between  point  1  and  some  reference  point  (ground/ 
produces  a  current  to,,  or  from,  point  2,  with  this  point  connected  to  the  same  ref- 
m  erence  point.  The  magnitude  of  the  mutual  admittance  is  tho  ratio  of  the  resulting 

current  at  point  2,  to  the  voltage  at  point  1.  Simple  examples  of  mutual  impedances 
are  shown  in  Figure  1.6-A. 

The  mutual  elements  muy  h®  resistances,  inductances,  capacitances,  or  any 
series  or  parallel  comhination  o^f  these  elements.  Not  all  possible  combinations, 
however,  are  equally  important  in  the  transmission  of  interference.  When  the  cou- 

*  pling  is  of  the  mutual  impedance  type,  the  elements  that  tpust  be  considered  most 
frequently  aye  m'^tual  inductance  and  the  mutual  impedance  of  a  common  ground  rs- 
turn,  which  may  arfse,  for  example*  from  inadequate  bonding.  A  good  example  of 
this  is  shpwn  in  Figure  1.6-B.  Except  for  those  cases  of  poor  design  OT  installationi! 

*  a  mutual  resistance,  capacitance,  or  self-inductanpe,  i.  e.,  any  such  element  that 

f  is  common  tP  both  the  circuit  of  the  interference  source  and  that  of  the  receiver? 

,  will  not  normally  occur  in  a  practical  system  since  it  wotdd  serve  no  useful  purpose. 
This  leaves,  the  mutual  inductance  to  be  considered,  which  may  very  well  he  present, 
and,  unfortunately,  very  often  is.  For,  the  presence  of  mutual  inductance  fs  noth" 
ing  but  a  description,  in  circuit  language,  of  the  fact  that  the  magnetic  field  set  up 
by  circuit  1  links  with  circuit  2,  and  therefpre  induces  a  voltage  in  it.  ^ut  a 
netic  field  exists  around  anv  circuit  carrying  current,  and  its  Unkmg  Wtth  othen  cir¬ 
cuits  is  very  difficult  to  avoid. 

*  A  somewhat  similar  situation  exists  when  one  considers  the  elements  likely 
to  become  mutual  admittances  between  two  circuits.  The  ones  most  frequently  en¬ 
countered  are  mutual  capacitances  and  the  admittances  offered  by  power  or  control 

^  cables  connecting  different  pieces  of  equipment.  Ideally,  such  cables  should  not 

carry  any  interfering  currents,  but  when  they  do,  the  interfering  signals  are  said 
to  be  transmitted  by  conduction.  This  method  of  transmission  is  important  enough 
to  be  discussed  separately  in  Paragraph  1.  6.  3,  not  only  because  such  cables  msy 
constitute  a  direct  metallic  connectionbetween  an  interference  source  anda  receiver, 
^  but  also  because  cables  leading  to  receivers  from  entirely  intei'ference-free  equip¬ 

ment  may  have  interfering  voltages  induced  in  them,  which  are  then  conducted  to  the 
receiver.  Moreover,  a  cable  which  is  connected  neither  to  an  interference  source 
,  nor  a  receiver,  may  serve  as  an  intermediate  path  for  an  interfering  signal  which 

uses  other  methods  of  transmission  before  entering  and  after  leaving  that  cable. 
Except  for  this,  the  only  element  of  mutual  admittance  that  might  be  present  with¬ 
out  serving  any  useful  purpose  as  such  is  that  of  mutual  capacitance.  For,  the 


1  -  23 


THEORY 


SEC.  I 


Mutual  Admittance  Mutual  Capacitance 


Fig,  l,6-A  Coupled  Circuits 


Fig.  l.d-B  Mutual  Impedance  Coupling  Through  Common  Ground  Impedance 


presence  of  mutual  capacitance  is  nothing  hut  a  description,  in  circuit  language*  of  the 
fact  that  an  electric  field  exists  in  the  vicinity  of  a  conductor  charged  to  some  volt¬ 
age,  and  that  this  electric  field  may  ind^ice  a  current  in  another  circuit.  Again, 
such  interaction  between  two  circuits  is  very  difficult  to  avoid. 

The  effects  of  both  mutual  inductance,  M,  and  mutual  capacitancet,  G,  increase 
with  the  frequency.  This  fact  might  seem  contradictory  if  one  considers  that  inductive 
reactance  is  jwM  and  directly  proportional  to  frequency,  while  capacitive  reactance 
is  l/j«C  and  thus  inversely  proportional  to  frequency.  The  difference,  however, 

I  -  24 


\ 


1.6. 1 


MUTUAL  INDUCTANCE 


lies  in  the  fact  that  the  mutual  inductance  is  considered  as  a  mutual  impedance,  i-e, , 
the  current  in  the  influencing  circuit  produces  a  voltage  in  the  influenced  circuit, 
while  the  mutual  capacitance  is  considered  as  a  mutual  admittance,  inasmuch  as  it 
is  the  voltage  in  the  influencing  circuit  that  produces  a  current  in  the  influenced  cir¬ 
cuit.  In  the  first  case,  the  voltage  produced  is  proportional  to  the  frequency  because 
V  =  IZ  and  Z  =  jwM,  It  is  true  that  M  itself  is  not  constant,  but  increases  with 
frequency,  but  this  does  not  affect  the  basic  argument.  In  the  second  case,  the  cur¬ 
rent  produced  is  also  proportional  to  the  frequency  because  I  ==  VY,  where  the  ad¬ 
mittance  Y  =  jwC.  The  Same  conclusions  would  be  reached  on  the  basis  of  an 
analysis  starting  with  Maxwell's  equations.  In  the  case  of  coupling  through  a  mag¬ 
netic  field,  the  law  of  induction  states  that  the  voltage  induced  is  proportional  to  the 
rate  of  change  of  current,  and  thus,  for  a  sinusoidally  varying  current,  is  propor¬ 
tional  to  its  frequency.  In  the  case  of  coupling  through  an  electric  field,  the  resiilt- 
ing  current  is  the  time  rate  of  change  of  the  accumulated  charge  on  the  conductors. 
Since  the  amount  of  charge  is  proportional  to  the  voltage,  the  resulting  current  varies 
as  the  rate  of  change  of  the  voltage,  and,  for  a  sinusoidally  varying  voltage,  varies 
directly  as  its  frequency. 

The  interfering  signal  may  also  reach  the  receiver  by  radiation.  This  mode 
of  transmission  cannot  be  treated  by  circuit  methods  because  the  phenomena  leading 
to  radiation  were  expressly  neglected  in  the  transition  from  field  to  circuit  theory. 
Hence,  this  must  be  treated  as  a  separate  and  distinct  method  of  transmission  as  is 
done  %  Paragraph  1.  6. 4. 

1.6, 1  MUTUAL  INDUCTANCE 

In  considering  mutual  inductance,  it  is  important  to  keep  in  mind  that  mutual 
inductance  exists  between  two  complete  circuits.  To  talk  about  the  mutual  in'^^uctance 
between  the  parts  of  two  circuits,  i,  e. ,  between  two  wires,  each  of  which  is  a  part 
of  a  separate  complete  circuit,  has  no  meaning.  By  its  very  definition,  mutual  in¬ 
ductance  involves  a  current  in  circuit  1  and  a  voltage  in  circuit  2,  both  of  which  must 
be  complete  circuits.  The  voltage  in  circuit  2  Is  measured  between  two  end  points 
after  that  circuit  has  been  broken,  so  that  the  sum  of  all  voltages  induced  anywhere 
in  circuit  2  is  measured.  In  other  words,  the  action  of  an  induced  voltage  cannot  be 
localized.  No  answer  can  be  given  to  the  question,  "What  is  the  mutual  inductance 
between  two  long  straight  wires?",  because  a  long  straight  wire  is  not  a  complete 
circuit.  It  is  true  that  many  expressions  for  mutual  inductance  are  listed  in  various 
handbooks  for  many  different  shapes  and  configurations  of  pairs  of  open  wires,  such 
as  those  given  by  F.  E.  Terman  in  the  Radio  Engineer  s'  Handbook,  pages  65-67.  But 
these  expressions  have  meaning  only  if  they  are  used  to  compute  the  individual  contri¬ 
butions  from  the  component  parts  of  two  circuits,  which  must  then  be  added  together 
to  obtain  the  mutual  inductance  between  the  two  complete  circuits.  For  example, 
the  mutual  inductance  between  two  rectangular  loops  may  be  obtained  by  computing 
16  individual  mutual  inductances  (one  for  the  mutual  inductance  between  each  side  of 
one  loop  and  each  side  of  the  other)  and  adding  all  of  them  together.  Each  of  the 
quantities  may  be  computed  by  means  of  the  expressions  found  in  the  handbooks. 

In  general,  the  determination  of  the  mutual  inductance  between  two  circuits  of 
arbitrary  geometry  is  a  very  difficult  task.  A  case  of  great  practical  importance  for 
the  purposes  of  this  book  is  that  of  two  pairs  of  long  straight  wires  all  of  which  are 
parallel.  A  mathematical  anedysis  of  this  configuration  is  carriedout  in  Appendix  VI. 
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The  important  res\ilts  are  given  below. 


The  relative  position  of  two  pairs  of  long  straight  wires  all  of  which  are  parallel 
ntay  be  specified  in  terms  of  the  Shortest  distance,  d,  between  the  longitudinal  axis 
of  each  pair,  as  shown  in  Figure  1. 6.  1  (A),  and  the  two  angles,  0  and  f,  which  the 
plane  of  each  pair  makes  with  the  separation  d.  Mathematical  analysis  shows  that, 
for  values  of  d  large  as  compared  to  the  spacing  between  the  wires  of  each  pair,  the 
mutual  inductance  varies  inversely  as  the  square  of  the  quantity  d.  When  d  is  small, 
the  mutual  inductance  starts  at  a  finite  value  and  decreases  at  a  much  slower  rate 
than  would  be  given  by  the  inverse  square  law.  For  every  value  of  6,  there  is  one 
value  of  y  between  0  and  180°,  such  that  the  mutual  inductance  is  zero,  and  another 
value  of  y  ,  90°  removed  from  the  first,  such  that  the  mutuad  inductance  is  a  maxi- 


"i^m.  When  d  is  large  as  compared  to  the  spacing,  the  value  for  zero  coupling  is 


given  byj 


<p  =  9  0  °  -  0 


This  leads  to  the  interesting  result  that,  when  d  is  in  the  plane  of,  or  perpendicular 
to  thq  plane  of  one  pair,  there  is  zero  coupling  when  the  planes  of  the  two  pairs  are 
perpendicular  to  each  other.  But  if  d  makes  an  angle  of  45°  with  the  plane  of  one, 
the  coupling  is  zero  if  the  planes  of  the  two  pairs  are  parallel.  This  is  shown  in 
Figures  1.6.1,  (B)  and  (C).  The  situation  is  reversed  if  the  coupling  is  to  be  a  max- 
imupa. 


(A)  (B)  (C) 

Notation  Two  Positions  of  Zero  Coupling 


Fig.  1.6.  1  Mutual  Inductance  Between  Two  Pairs  of  Parallel  Wires 


This  analysis  was  carried  out  for  a  rather  special  case.  Two  conclusions, 
however,  can  be  expected  to  remain  valid  for  other  cases.  First,  for  a  pair  of  two- 
wire  systems,  the  mutual  inductance  varies  initially  in  some  complicated  way  with 
the  distance  between  the  two  circuits,  but  as  the  distance  between  them  becomes 
large  as  compared  to  the  dimensions  of  each,  it  will  vary  inversely  as  the  square 
of  the  distance.  This  also  applies  to  single -wire  systems  with  ground  returns  be¬ 
cause  these  may  be  reduced  to  two-wire  systems  by  the  method  of  images.  This 
law,  however,  might  be  modified  considerably  by  the  presence  of  other  conductors 
in  the  vicinity.  Secondly,  no  matter  how  complicated  the  geometry  of  the  circuits, 
for  a  given  distance  between  centers,  there  will  always  be  apposition  of  circuit  2 
relative  to  circuit  1  such  that  the  coupling  is  zero.  This  last  statement  is  obvious 
if  one  considers  that  the  net  magnetic  flux  must  pass  through  circuit  .2  in  one  of  two 
directions,  and  that  this  direction  can  be  reversed  by  reversing  the  position  of  cir- 
cxiit  2.  In  going  from  one  position  to  the  other,  the  flux  changes  continuously  from 
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maximum  positive  to  maximum  negative,  and  in  doing  so  it  must  of  necessity  pass 
through  zero  for  some  position  of  circuit  2. 

1.6.2  MUTUAL  CAPACITANCE 

While,  according  to  the  principle  of  duality,  certain  similarities  exist  between 
the  effect  of  capacitive  coupling  and  that  of  inductive  coupling,  there  are  also  a  num¬ 
ber  of  significant  differences.  It  is  impossible  to  speak  of  mutual  inductance  except 
between  closed  circuits.  On  the  other  hand,  the  definition  of  mutual  admittance 
introduces  the  concept  of  the  mutual  capacitance  between  just  two  points  of  two  cir¬ 
cuits.  It  is  not  very  practical  to  use  this  concept  because  in  all  physical  problems 
there  will  be  capacitances  between  many  points  or  regions  of  the  two  circuits.  But 
for  purposes  of  analysis,  it  does  make  sense,  and  it  is  much  simpler,  to  use  only 
one  point  at  a  time  in  each  circuit.  In  magnetically  coupled  circuits,  the  induced 
voltage  can  be  reversed  by  proper  placement  of  one  circuit  with  respect  to  the  other. 
From  this  it  could  be  Concluded  that  there  must  be  a  position  of  zero  coupling.  On 
the  other  hand,  in  capacitively  coupled  circuits  the  direction  of  the  current  flowing 
to  or  from  a  point  in  one  circuit  depends  only  on  the  polarity  of  the  voltage  in  the 
other.  Therefore,  it  cannot  be  reversed  simply  by  manipulation  of  the  relative  po¬ 
sitions  of  the  two  circuits.  Frona  this  it  may  be  expected,  and  analysis  shows  it  to 
be  true,  that  capacitive  coupling  cannot  be  reduced  to  zero  by  rotation  of  one  circuit 
about  its  center. 

If  the  case  of  two  long  straight  parallel  wires  is  analyzed,  it  is  found  that  the 
capacit&nce  between  these  wires  varies  inversely  as  the  logarithm  of  the  distance 
between  them.  This  would  indicate  that,  for  large  distances  of  separation  between 
two  parallel  wires,  the  capacitance  between  them  decreases  much  more  slowly  with 
distance  than  the  mutual  inductance.  This  conclusion,  however,  cannot  be  general- 
i_.cd  for  other  systems,  because  the  law  of  variation  with  distance  for  capacitance 
depends  very  much  on  the  shape  of  the  wires  and  their  relative  positions  to  other 
metallic  objects  in  the  vicinity.  A  general  statement  which  can  be  made  is  that  the 
capacitance  between  two  points  in  two  circuits  decreases  with  distance  somewhat 
more  slowly  than  according  to  the  inverse  square  law. 

The  definition  of  mutual  admittance  indicates  that  two  circuits  involved  must 
have  a  common  ground  connection  in  order  for  a  current  to  flow  through  the  mutual 
element.  It  must  not  be  concluded  that  the  effects  of  mutual  admittance  may  be  pre¬ 
vented  by  eliminating  all  ground  connections  from  one  circuit.  Practically,  isolation 
is  quite  impossible  without  complete  shielding  (which  would  reduce  the  mutual  ad¬ 
mittance  itself  to  zero)  because  even  in  the  absence  of  a  metallic  connection  to  a 
common  ground,  there  is  always  capacitance  to  some  metallic  object,  which  may  he 
the  airframe,  providing  a  return  path  for  the  radio  frequency  current  through  the 
mutual  element, 

1.6.3  CONDUCTION 

Whenever  there  is  a  direct  metallic  connection  between  two  circuits,  and  in 
addition  a  return  path,  a  conduction  current  may  flow  between  these  two  circuits. 
The  return  path  may  be  another  metallic  lead,  or  a  mutual  capacitance,  or  most 
frequently  the  metallic  structure  of  the  aircraft  acting  as  the  ground  return.  The 
magnitude  of  the  resulting  current  depends  both  on  the  potential  difference  between 
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the  points  of  exit  and  entry  in  the  exciting  circuit,  and  on  the  total  loop  impedance 
between  the  same  points.  It  is  important  to  remember  to  include  the  impedance  of 
the  return  path  as  v^ell  as  the  impedance  of  th<i  direct  connection  when  computing 
this  total  loop  impedance.  If  all  impedances  involved  are  linear,  the  current  may 
be  computed  by  a  simple  application  of  Ohm's  law.  i  =  E/Z,  in  accordance  with  the 
circuit  concept. 

The  most  common  example  of  this  is  the  transmission  of  interfering  signals 
through  the  power  euid  control  leads,  both  out  of  the  interference  generator  s  and  into 
the  receivers.  The  circuit  shown  in  Figure  1.6.3  illustrates  how  an  interfering  sig¬ 
nal  may  be  transmitted  from  a  motor  into  a  receiver  if  both  are  connected  to  the 
same  power  supply. 


Fig,  1, 6.  3  Transmission  of  an  Interfering  Current  by  Direct  Conduction 

i 

The  field  concept  is  Just  as  applicable  to  the  case  of  conduction  as  to  the  cases 
ol  mutual  inductam.^e  and  capacitance  discussed  above.  Strictly  speaking,  the  energy 
associated  with  the  interfering  current  is  transmitted  not  through  the  metallic  leads, 
but  through  the  fields  surrounding  these  leads,  the  leads  acting  only  as  guides.  Yet 
it  is  precisely  here  that  the  circuit  concept  leads  to  the  greatest  simplifications  and 
is,  therefore,  most  frequently  used.  But  in  the  discussion  of  radio  interference  it 
is  often  very  useful  to  keep  the  field  concept  in  mind,  because  it  draws  attention  to 
the  fact  that  there  are  always  strong  interfering  fields  in  the  vicinity  of  conductors 
carrying  interfering  currents.  In  fact,  many  troublesome  interference  problems 
are  caused  by  bundling  power  or  control  cables  leading  to  a  receiver  together  with 
leads  carrying  interfering  currents,  thus  exposing  them  to  strong  interfering  fields. 

As  an  example  of  a  case  that  should  be  treated  by  the  application  of  the  field 
concept,  rather  than  the  circuit  concept,  consider  a  cable  connector  with  an  unused 
pin.  The  pin  does  not  actually  connect  two  circuits,  yet  it  may  carry  interfering 
conduction  currents  by  having  one  end  act  as  a  receiving  antenna  and  the  other  end 
as  a  transmitting  antenna.  Here  the  pin  should  be  considered  as  a  wave  guide  which 
transmits  an  electromagnetic  wave  from  one  side  of  the  connector  to  the  other. 

i,-6.4  RADIATION 

The  term  "radiation",  technically  speaking,  is  used  to  describe  the  phenomenon 
of  electromagnetic  waves  spreading  out  in  space  from  a  source,  according  to  the 
laws  of  wave  propagation.  Nevertheless,  the  term  "radiated  noise"  has  become  so 
commonly  used  to  mean  any  interfering  signal  detected  through  the  medium  of  an 
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electric  or  magnetic  field,  that  it  would  not  be  possible  to  restrict  the  words  "radia¬ 
tion"  and  "radiated"  to  their  technical  meaning  without  rewriting  much  of  the  liter¬ 
ature  on  radio  interference  and  almost  all  of  the  specifications  on  interference  meas¬ 
urements.  It  is  clear  that  the  transmission  of  interfering  signals  through  mutual 
inductances  and  mutueil  capacitances,  as  discussed  in  Paragraphs  1.6.  1  and  1. 6.  2, 
would  be  classified  as  radiated  interference  in  the  loose  sense  of  the  word. 

Examples  of  true  radiation  in  the  sense  defined  above,  within  the  aircraft,  are 
extremely  rare.  An  example  of  true  radiation  outside  the  aircraft  would  be  the  trans¬ 
mission  of  an  interfering  signal  from  a  transmitting  antenna  to  a  receiving  antenna 
mounted  several  wave  lengths  away.  When  the  receiving  antenna  picks  up  an  inter¬ 
fering  signal  which  is  apparently  radiated  from  a  nearby  opening  in  the  skin  of  the 
aircraft,  the  transmission  is  usually  not  through  true  radiation  but  through  capaci¬ 
tive  coupling  from  the  antenna  to  the  outside  surface  of  the  aircraft,  which  hcxs  ac¬ 
quired  a  charge  due  to  currents  flowing  a.round  the  edges  of  the  opening. 

Radiation  in  the  strict  sense  is  not  amenable  to  treatment  with  the  methods  of 
ordinary  circuit  analysis  because  radiation  is  caused  entirely  by  the  effects  of  re¬ 
tardation,  the  phenomenon  specifically  neglected  in  the  transition  from  field  to  cir¬ 
cuit  concepts.  If  an  electromagnetic  disturbance  could  be  propagated  in  space  with 
infinite  velocity,  the  fields  that  give  rise  to  the  effects  of  mutual  inductance  and 
eapacitance  would  be  unchanged,  but  the  radiation  field  would  be  absent,  a  fact  that 
can  easily  be  demonstrated  mathematically. 

The  mathematical  expression  for  the  total  fields  in  the  vicinity  of  a  conductor 
carrying  time- varying  currents  is  very  complicated  and  cannot,  in  general,  be  found 
analytically,  except  in  very  simple  cases.  The  cases  where  it  is  possible  to  find 
such  expressions  are  the  ones  involving  very  simple  geometric  arrangements,  such 
as  a  thin  straight  wire  or  a  thin  circular  loop.  It  can  be  shown,  however,  that  the 
mathematical  expression  for  the  field  due  to  any  source  can  be  developed  into  a 
series  of  terms,  each  of  which  repres<suts  the  field  due  to  certain  simple  arrange¬ 
ments  of  conductors.  The  first  term  in  this  series  gives  the  field  due  to  an  electric 
dipole;  the  second,  that  due  to  a  magnetic  dipole  and  an  electric  quadrupole,  etc, 
Thi/s  expansion  is  useful  only  if  the  mathematical  series  converges  rapidly,  so  that 
the  first  few  terms  give  a  good  approximation  to  the  total  field.  The  rapidity  of  con¬ 
vergence  depends  on  the  ratio  of  r,  the  distance  of  the  point  of  observation  to  the 
center  of  the  source,  to  a,  the  radius  of  the  smallest  sphere  that  can  be  placed  so 
as  to  enclose  adl  parts  of  the  source.  (See  Figure  1.6. 4- A.  )  When  this  ratio  is  very 
large,  only  the  first  term  in  the  expansion  is  important  (unless  this  term  happens 
to  be  zero,  in  which  case  only  the  first  non-vanishing  term  is  important).  The  re¬ 
sult  is  dipole  radiation.  When  this  ratio  is  less  than  unity,  the  expansion  does  not 
converge  at  all.  This  possibility  of  "multipole  expansion"  explains  why  the  consid¬ 
eration  of  very  simple,  but  non-practical  cases  nevertheless  has  much  significance 
for  the  analysis  of  the  move  complicated,  practical  cases. 

The  two  simplest  cases  are  those  of  an  oscillating  electric  and  magnetic  dipole. 
The  electric  dipole  is  represented  physically  by  a  very  short  length  of  very  thin  wire 
carrying  a  uniform  current  that  varies  sinusoidally  in  time.  The  magnetic  dipole  is 
represented  physically  by  a  very  small  circular  loop  carrying  a  uniform  current  that 
varies  sinusoidally  in  time.  For  the  electric  dipole  the  components  of  the  fields 
surrounding  the  conductor  of  length  L  are  given  in  spherical  coordinates  by  the 
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following  expressions,  assuming  r  and  L«  Aj 


El  sin  8  sinw(t-r/v)  cos  a>(t-r/v) 
__  _  +  __ 


0)  sin 


in  w(  t~r/v) 


Er  = 


2  LI  cos  6  sin  (ri(t-r/v)  ^  cos  u>(t~r/v) 


K0  =  0 


Hj,  = 


I  sine  |cos«(t-r/v)  u»  sin  u)  ( t-r/v) 

__  _  . 


Hr  =  0 

where  v  =  3x10  meters  per  second  is  the  velocity  of  electromagnetic  waves  in 
free  space,  C  =  8.  854  x  10~12  farads  per  meter  is  the  absolute  permittivity  of  free 
space,  and  the  other  symbols  are  explained  in  Figure  i,  6.4-B.  In  the  case  of  the 
magnetic  dipole,  the  components  of  the  fields  surrounding  the  small  loop  of  area  A 
and  carrying  a  current  I  cos  ut,  assumed  to  be  at  the  origin  in  the  x-y  plane,  are 
given  by  the  following  expressions: 

Eo  =  0  (20) 


I A  sin  8  sin  w(t-r/v)  w  cos  w(t-r/v) 

- - - -  +  - - 


Ey  =  0 


„  lA  sin  8 

He  =  —  « 


cosw(t-r/v)  sinw'(t-r/v)  wcosw(t-r/v) 

_  +  _  _  2  (23) 

r-’w  r^'v  r  v** 


2  lA  cos 
4tf 


=  0 


cos  <i)(  t-r/v)  sin  w 


(t-r/v) 

'  V 


It  is  seen  that  in  the  above  equations  there  are  three  kinds  of  terms,  which 
differ  in  their  variation  with  r.  The  terms  that  vary  as  l/r^  represent  an  electro¬ 
static  dipole.  The  terms  that  vary  as  l/r2  represent  what  is  called  the  induction 
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field.  Finally,  the  terms  that  vary  as  l/r  represent  what  is  called  the  radiation 
field.  The  relative  importance  of  the  various  kinds  of  terms  depends  on  the  ratio 
of  r  to  A,  where  A  =  Zttv/w  is  the  wave  length  of  the  radiation.  When  r/A  is  much 
smaller  than  unity,  the  radiation  terms  are  negligible.  When  r/A  is  much  larger 
than  unity,  the  static  and  induction  terms  are  negligible.  When  r  =  A/6,  approx¬ 
imately,  the  induction  and  radiation  fields  are  equal. 


z 


K 


Fig,  1.  6, 4-A  Quantities  of  Fig,  1,6,4-B  Dipole  Radiation 

Length  in  Radiation  Problems 

Comparison  of  the  case  of  the  magnetic  dipole  (current  loop)  with  that  sf  the 
electric  dipole  shows  that  the  structures  of  the  two  fields  are  the  same  except  that 
the  poles  of  the  electric  i«id  magnetic  fields  are  revei’Sed, 

Based  on  the  structure  of  the  electromagnetic  field  in  the  vicinity  of  an  oscil¬ 
lating  dipole,  tne  statement  is  sometimes  made  that  for  any  radiating  system  there 
is  an  induction  field,  varying  as  l/r2,  and  a  radiation  field,  varying  as  l/r.  This 
s^tatement,  however,  is  misleading.  Although  it  may  be  true  if  properly  applied, 
generally  it  is  false  when  applied  to  most  problems  arising  in  the  propagation  of 
interfering  signals  within  an  airplane. 

To  determine  the  correct  applications  of  this  statement,  a  clear  distinction 
must  be  made  between  the  three  quantities  of  length  entering  every  problem  of  this 
kind,  illustrated  in  Figure  1.  6,  4-A.  These  are  (l)  r,  the  distance  to  the  point  of 
observation  from  the  center  of  the  source;  (2)  a,  the  radius  of  the  smallest  sphere 
that  can  enclose  all  of  the  source,  and  (3)  A*  the  wave  length.  This  last  quantity, 
the  wave  length,  does  not  have  a  unique  meaning  unless  the  time  variation  is  sinu¬ 
soidal.  For  some  other  variation,  say  an  interference  pulse,  each  frequency  com¬ 
ponent  must  be  considered  separately. 
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The  point  that  is  frequently  forgotten  is  that  the  validity  of  the  statement  made  ^ 

above  depends  entirely  on  the  relation  between  r  and  a,  not  r  and  A.  The  statement  ' 

holds  whenever  r  £i,  and  the  configuration  of  the  source  is  such  that  there  is 

dipole  radiation.  In  practice,  nc  ler  condition  is  ever  satisfied  within  the  aircraft  ^ 

except,  possibly,  at  ultra-high  £in<i  super-high  frequencies.  The  first  condition  fails  , 

because  the  dimensions  of  the  potential  radiators  (the  aircraft  structure  itself  is  an 
important  example)  are  usually  of  the  same  order  of  magnitude  as  the  distances  be¬ 
tween  the  radiator  and  the  receiver  or  pick-up  lead,  dtie  to  the  proximity  of  elec¬ 
trical  equipment  in  aircraft.  The  second  condition  fails  because  there  are  present 
within  the  aircraft  so  many  absorbers,  reflectors,  and  systems  capable  of  re-radi¬ 
ation,  that  the  resultant  field  at  any  point  will  consist  of  several  waves  of  different 
amplitudes  and  phases  superimposed,  and  the  laws  of  simple  dipole  radiation  would 
never  apply.  " 

It  must  also  be  remembered  that  the  separation  of  the  total  field  into  an  indue-  * 

tion  and  a  radiation  field  is  by  no  means  physiceil,  but  entirely  analytical.  Any  pos¬ 
sible  physical  measurement  will  always  yield  a  measure  of  the  total  field,  not  its 
analytical  components.  When  the  basic  conditions  mentioned  above  are  not  fulfilled, 
even  the  analytical  separation  is  no  longer  possible.  The  total  field  must  then  be 
considered  and  its  law  of  variation  with  distance  will,  in  general,  be  very  complicated. 

It  cannot  eyen  be  said  that  the  field  will  always  decrease  as  the  distance  from  the 
prime  radiator  increases.  Because  of  the  possibilities  of  reflection  and  re-radiation, 
standing  waves  may  be  set  up  and  the  field  may  actually  increase  in  certain  regions, 
as  the  distance  from  the  prime  source  is  increased,  a  condition  which  is  called  res-  ^ 

qnance  excitation. 

In  general,  the  conditions  in  aircraft  are  almost  alv/'ays  sneh  that  the  fields  of 
interest  are  those  observed  very  close  to  the  source.  In  the  frequency  range  from 
about  30  to  300  megacycles  per  second,  the  distances  of  interest  are  of  the  same 
order  of  magnitude  as  a  wave  length.  Even  if  there  were  true  dipole  radiation,  no 
approximations  could  be  made  in  this  region  and  the  total  field  would  have  to  be  con¬ 
sidered,  The  actual  radiation  is  likely  to  be  much  more  complicated  than  dipole 
radiation,  and  such  simple  approximations  will  be  even  less  valid. 

True  radiation  is  more  likely  to  be  important  at  frequencies  above  300  mega¬ 
cycles  per  second.  The  rather  thorough  treatment  of  radiation  in  this  paragraph  is  ^ 

justified  by  the  increased  use  of  the  ultra-high  frequency  and  super -high  frequency 
regions  in  modern  aircraft.  Moreover,  most  of  the  above  statements  about  the  rel¬ 
ative  unimportance  of  true  radiation  were  based  on  the  fact  that,  in  order  for  any  body 
to  be  an  efficient  radiator,  its  dimensions  must  be  at  least  of  the  order  of  magnitude 
of  a  wave  length.  But  because  of  the  extremely  high  sensitivity  of  modern  receivers, 
even  a  very  inefficient  radiator  could  produce  a  troublesome  radiation  field  at  the 
receiver. 

In  considering  the  interfering  fields  both  close  to  and  far  from  the  source,  it 
is  sometimes  important  to  know  the  significance  of  the  electric  field,  relative  to  that 
of  the  magnetic  field.  Confusion  may  arise  from  the  fact  that,  according  to  Maxwell's 
equations:  a  varying  electric  field  is  always  accompanied  by  a  magnetic  field;  a 
varying. magnetic  field  is  always  accompanied  by  an  electric  field;  and  the  ratio  of 
the  two,  called  the  impedance  of  the  medium,  is  a  constant  (377  ohms  for  air)  for  a 
plane  wave,  A  careless  interpretation  of  these  facts  leads  to  the  conclusion  that  it 
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makes  no  difference  which  is  considered  for  all  possible  conditions,  since  the  two 
always  occur  together  and  bear  a  fixed  ratio  to  each  other.  This  reasoning  is  in 
error,  because  what  exists  within  the  aircraft  is  usually  not  a  plane  wave.  The  im- 
pedance  for  more  complicated  types  of  waves,  such  as  cylindrical  or  spherical  waves 
or  combinations  of  these,  is  not,  in  general,  equal  to  377  ohms.  It  may  take  on  al¬ 
most  any  value,  and  often  varies  rapidly  from  point  to  point  in  the  vicinity  of  the 
source.  A  very  small  impedance  means  that  the  electric  field;  is  small  as  compared 
to  the  magnetic  field.  A  very  large  impedance  means  that  the  magnetic  field  js  small 
as  compared  to  the  electric  field.  Since  some  receivers  are  more  sensitive  to  one 
type  of  field  than  the  other,  a  knowledge  of  the  impedance  wo\ild  be  of  great  practical 
value  in  many  cases.  Unfortunately,  the  evaluation  of  the  impedance  is  practically 
impossible  for  the  complicated  field  configurations  encountered  in  the  interior  of 
modern  aircraft. 

1,  7  SUSCEPTIBILITY  OF  RECEIVERS 

If  the  interfering  signal  is  not  suppressed  at  the  source  and  if  its  transmission 
is  not  prevented,  it  will  then  reach  the  receiver.  The  basic  ways  in  which  a  signal 
may  enter  the  receiver  are: 

(a)  through  the  antenna,  antenna  lead-in,  or  zmtenna  receptacle, 

(b)  through  the  power  or  control  leads, 

(c)  through  the  output  leads  connecting  the  receiver  to  earphones,  intercom¬ 
munication  systems,  scopes,  or  other  indicating  devices,  and 

(d)  through  the  casing  enclosing  the  receiver,  or  any  joints  or  openings  in  the 
casing. 

The  effect  on  the  receiver  will  be  greatest  if  the  interfering  signad  enters  in 
the  same  way  as  the  desired  signal,  because  then  it  will  immediately  act  on  the  most 
sensitive  part  of  the  recei'''’er  and  may  mix  with  the  desired  signal  to  such  an  extent 
that  the  separation  of  the  two  signals  becomes  practically  impossible.  For  most 
receivers  this  most  dangerous  point  of  entry  is  given  in  (a)  above.  In  ethers,  such 
as  a  remotely  controlled  actuator,  an  interfering  signad  may  enter  through  the  control 
lead  to  produce  a  false  actuating  pulse. 

If  the  interfering  signal  enters  in  a  way  different  from  that  of  the  desired  sig¬ 
nal,  the  path  of  entry  becomes  just  another  link  in  the  transmission  system  through' 
which  the  interfering  signal  is  moving.  Eventually,  it  must  enter  the  same  path  as 
the  desired  signal  and  mix  with  it.  Otherwise  it  cannot  reach  the  output  stage  of  the 
receiver  and  cause  undesired  response  or  malfunctioning.  Thus,  if  it  enters  through 
the  power  lead,  it  is  transmitted  into  the  receiver  by  conduction  and  may  then  enter 
the  path  of  the  desired  signal,  say,  through  inductive  coupling  of  a  power  transformer 
with  a  radio  frequency  coil,  or  through  capacitive  coupling  from  the  filament  to  the 
grid  of  an  amplifier  vacuum  tube.  If  it  enters  through  the  headphone  leads,  it  is 
again  transmitted  into  the  receiver  by  conduction  and  may  then  couple,  within  the 
receiver,  with  a  sensitive  circuit.  If  it  enters  through  the  casing  or  any  openings 
in  the  easing,  it  is  transmitted  usually  by  capacitive  coupling.  Occasionally,  it  may 
be  transmitted  by  inductive  coupling  as,  for  example,  when  an  interfering  field  out¬ 
side  induces  currents  in  the  casing,  which,  in  turn,  produce  an  interfering  magnetic 
field  inside,  or,  in  rare  cases,  even  by  radiation.  In  all  these  cases,  the  problems 
encountered  are  truly  problems  of  transmission  as  treated  in  Paragraph  1.  6.  One 
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half  of  the  proper  design  of  receivers  for  interference-free  operation  is  simply  de¬ 
sign  for  minimum  transmission  of  interference  into  the  receiver. 

The  remaining  portion  of  this  subsection  will  deal  with  the  effect  on  the  receiver 
of  the  interfering  signals  whichhave,  in  one  way  or  another,  entered  the  path  of  the 
desired  signal  in  the  receiver, 

1.7.  I  THE  NUISANCE  VAEUE  OF  INTERFERING  SIGNALS 

The  final  effect  of  any  interfering  signal  is  to  make  it  diffic\ilt  or  impossible 
for  the  receiver  to  function  properly.  The  extent  to  which  an  interfering  signal  ad¬ 
versely  affects  the  proper  functioning  of  the  receiver  is  csdled  its  nuisance  value. 
Depending  on  the  type  of  receiver,  the  effect  may  be  complete  inability  to  receive  a 
message,  or  false  indications  of  navigation  instruments,  or  some  suchdrastic  "mal¬ 
functioning"  as  the  premature  explosion  of  a  warhead  triggered  by  a  spurious  control 
impulse.  At  any  rate,  in  order  for  the  interfering  signal  to  have  a  nuisance  value, 
either  it  must  eventually  contain  one  or  more  frequencies  within  the  normal  output 
range  of  the  receiver,  or  it  must  be  capable  of  preventing  the  receiver,  or  at  least 
one  of  its  stages,  from  functioning  properly.  In  other  words,  the  interfering  signal 
must  be  capable  of  either  producing  effects  similar  to  the  desired  signal  or  of  pre¬ 
venting  the  desired  signal  from  having  its  normal  effects. 

Normally,  to  produce  these  effects  at  the  output  of  the  receiver,  the  interfering 
signal  must  contain  frequencies  within  the  acceptance  band  of  the  receiver.  But  it 
must  be  remembered  that  the  acceptance  band  of  a  receiver  may  be  much  larger  for 
interfering  signals,  which  may  be  of  any  magnitude,  than  for  desired  signals »  which 
normally  do  not  exceed  a  ceitain  level.  Most  receivers  have  input  circuits  that  be¬ 
have  somewhat  like  bandpass  filter  s.  Ideally  the  response  to  frequencies  outside  the 
passband  is  nil,  but  practically  the  attenuation  in  the  attenuation  bands  is  never  in¬ 
finite.  Even  though  it  will  completely  suppress  all  signals,  outside  the  pass  band, 
that  are  of  the  same  order  of  magnitude  as  the  desired  signal,  it  may  still  permit 
very  strong  interfertng  signals  which  lie  entirely  outside  the  pass  band  to  enter  and 
to  be  transmitted  past  the  first  input  stage.  Once  they  have  gone  as  far  as  that,  they 
may  produce  one  or  more  of  the  following  three  effects:  (1)  they  may  be  strong  enough 
to  be  transmitted  directly  to  the  output  in  spite  of  further  attenuation  in  succeeding 
arelectiye  stages  such  as  the  intermediate  frequency  stages  of  superheterodyne  re¬ 
ceivers,  (2)  they  may  be  strong  enough  to  overload  one  or  more  stages  thus  making 
the  receiver  inoperative,  and  (3)  they  may  combine  with  other  signals  in  a  non-linear 
element  in  such  a  way  as  to  produce  a  new  frequency  that  is  within  the  band  of  ac- 
captance  of  the  receiver.  For  example,  they  could  combine  in  the  mixer  tube  with 
a  harmonic  of  the  local  oscillator  in  a  superheterodyne  receiver  to  produce  a  signal 
of  the  intermediate  frequency.  This  last  effect  is  sometimes  incorrectly  called 
"cross -modulation",  a  term  that  properly  applies  to  the  more  complicated  effect  of 
a  carrier  being  modulated  by  the  modulating  frequencies  of  another  carrier  nearby. 

When  the  final  output  of  the  receiver  is  an  aural  or  visual  signal  to  be  inter¬ 
preted  by  a  human  operator,  it  is  extremely  difficult  to  assign  any  quantitative  meas¬ 
ure  to  the  nuisance  value  of  an  interfering  signal.  In  the  final  analysis,  it  is  the 
operator  who  must  decide  what  the  real  nuisance  valu^i  of  such  a  signal  is,  under  the 
worst  possible  flight  conditions  and  the  strain  of  long  combat  missions.  Certain 
general  statements  niay,  however,  be  made.  If,  in  an  audio  receiver,  the  frequency 
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spectrum  of  the  interfering  signal  is  fairly  evenly  distributed  over  the  entire  audio 
range,  the  result  is  usually  considered  to  have  a  very  "high  nuisance  value"  by  most 
operators.  This  is  the  case  when  the  output  consists  of  the  crashes  and  background 
rumbles  characteristic  of  atmospheric  disturbances,  or  the  pops  and  cracking  sounds 
found  in  ignition  interference,  or  the  hash  sounds  usually  accompanying  interference 
from  commutators.  If,  on  the  other  hand,  the  interfering  signal  contains  only  one, 
or  a  very  few,  frequencies,  the  resulting  steady  note  of  definite  pitch  may  not  be 
very  bother  some  at  all  to  some  operators  unless  it  is  extremely  loud.  For  example, 
a  60  or  400  cycle  power  line  hum  of  moderate  strength,  while  unpleasant,  may  not 
impair  the  intelligibility  of  the  desired  signal  to  an  appreciable  extent.  However, 
even  this  type  of  interference  must  be  avoided  because  two  or  more  "moderate"  in¬ 
terfering  signals  may  easily  combine  to  produce  a  level  of  interference  sxifficient  to 
drown  out  all  desired  signals.  In  generad,  the  nuisance  value  of  an  interfering  signal 
increases  with  the  number  of  frequencies  contained  in  it,  but  the  effect  of  each  fre¬ 
quency  depends  on  the  sensitivity  of  the  individual  operator.  This  sensitivity  usually 
increases  graduadly  for  the  lower  frequencies,  reaches  one  or  more  maxima  some¬ 
where  between  700  and  3000  cycles  per  second,  and  then  decreases  to  zero  at  about 
15,000  cycles  per  second.  Individual  differences  between  operators  are  not  quite  so 
pronounced  when  the  receiver  is  a  radar  scope;  but  here  too,  the  skill  and  experience 
of  the  operator  play  an  important  part  in  determining  the  nuisance  value  of  an  inter¬ 
fering  signal  during  actual  operations. 


1.  7.  2  PULSE  LENGTHENING 


Any  interfering  signal  that  enters  the  receiver  through  the  antenna  or  antenna 
lead-in,  must  pass  through  the  same  stages  of  the  receiver  as  the  desired  signal, 
before  it  assumes  its  final  form.  During  its  passage  through  these  stages,  it  may 
be  modified  both  linearly  and  non-linearly.  It  experiences  non-linear  distortion 
whenever  the  output  of  a  stage  contains  frequencies  that  were  not  present  in  the  in¬ 
put.  The  appearance  of  intermediate  frequencies  in  the  mixer  stage  of  a  superheter¬ 
odyne  receiver  is  an  important  example  of  this.  Linear  distortion  occurs  when¬ 
ever  different  frequencies  experience  different  attenuations  and  different  equivalent 
velocities  of  propagation.  It  is  here  that  the  difference  between  the  desired  and  in¬ 
terfering  signals  is  usually  most  important. 

The  input  stages  of  a  receiver  are  designed  to  pass  the  desired  signals  with  a 
minimum  of  distortion  of  any  kind.  The  desired  signal  usually  contains  frequencies 
within  a  definite  range,  say,  a  carrier  and  two  side  bands  in  amplitude  modulation, 
or  a  carrier  and  about  20  to  30  sidebands  in  frequency  modulation.  A  well-designed 
receiver  will  pass  a  signal  whose  spectrum  is  confined  entirely  to  its  band  of  accept¬ 
ance  with  little  or  no  distortion.  On  the  other  hand,  a  signal  whose  spectrum  ex¬ 
tends  considerably  above  and  below  its  acceptance  band  may  be  modified  beyond 
recognition  by  the  same  receiver.  Most  interfering  signcds  extend  over  a  frequency 
spectrum  much  larger  than  the  acceptance  band  of  the  receiver.  Therefore,  the 
wave  form  of  the  interfering  signals  will  be  considerably  modified  in  its  passage 
through  the  receiver. 

The  most  frequent  and  most  important  effect  of  this  kind  is  the  lengthening  of 
interference  pulses  commonly  referred  to  as  "shock  excitation"  or  "ringing".  It 
occurs  whenever  a  pulse  of  short  duration  enters  a  circuit  whose  bandwidth  is  nar¬ 
rower  than  the  frequency  spectrum  of  the  pulse.  In  that  case,  the  pulse  at  the  output 
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will  be  much  longer  than  that  at  the  input  and  considerably  modified  in  shape.  If  the 
circuit  has  the  characteristics  of  a  resonant  circuit,  and  if  the  pulses  occur  compara-  ** 

tively  far  apart,  the  output  pulse  will  consist  of  a  damped  oscillation  (see  Figure 
1.2-B)  at  the  resonant  frequency.  The  circuit  has  been  excited  by  the  "shock”  of  the 
pulse  and,  as  a  result,  "rings"  at  its  resonant  frequency.  But  even  if  the  charac¬ 
teristics  of  a  resonant  circuit  are  absent  the  output  pulse  will  be  much  longer  than 
the  input  pulse.  The  only  circuit  that  will  pass  a  short  pulse  without  distortion  is  a 
circuit  without  inductance  or  capacitance,  or  in  other  words,  a  circuit  whose  accept¬ 
ance  band  is  infinite. 

An  example  of  the  le..'gthening  of  a  short  pulse  in  various  stages  of  a  super¬ 
heterodyne  receiver  is  shown  in  Figure  I.7.E.  Part  (A)  of  this  figure  shows  an  ap¬ 
proximately  rectangular  pulse  of  0.  4  rnicrosecond  duration,  which  is  applied  to  the 
input  of  the  receiver.  The  next  part  (B)  shows  the  resultant  "ringing”  of  the  radio 
frequency  stage.  Figure  1.7.2,  (C)  shows  the  further  lengthening  of  the  pulse  in 
the  intermediate  frequency  stage.  Finally,  Figure  1.  7.  2,  (D)  shows  the  pulse  as  it 
appears  at  the  audio  output  after  rectification.  Note  that  the  pulse  is  now  almost 
200  microseconds  long,  i.  e. ,  the  initial  duration  has  been  multiplied  by  a  factor  of 
almost  SOO. 


Microseconds 


Fig.  1.  7.2  Pulss  ttengthening  in  Various  Stages  of  e  Receiver 

There  is  a  definite  relationship  between  the  amount  of  pulse  lengthening  end 
the  bandwidth  of  a  stage.  Roughly,  the  lengthening  of  a  pulse  is  inversely  propor¬ 
tional  to  the  bandwidth  of  the  stage  through  which  it  passes.  This  rule  is  valid  both 
for  unidirectional  rectangular  pulses  and  for  high  frequency  sinusoidal  pulses  pro¬ 
duced  by  amplitude  modulation  of  a  high  frequency  carrier  with  a  rectangular  mod¬ 
ulation  envelope. 

1.7.3  OVERLOADING 

Another  effect  may  be  caused  by  interfering  signals  in  a  receiver.  If  the  am¬ 
plitude  of  a  signal  is  much  larger  than  that  for  which  a  stage  is  designed,  it  may 
completely  block  that  stage  so  that  no  useful  signal  can  get  through  at  all.  Whether 
this  limiting  action  is  intentional  or  not  makes  little  difference.  The  fact  that  the 
stage  is  inoperative  for  the  duration  of  the  high  amplitude  signal  will  always  cause 
distortion  in  the  desired  signal.  This  effect  is  often  produced  intentionally  because 
the  resv^lting  distortionmay  be  less  than  that  which  would  occur  if  the  interfering  sig¬ 
nal  were  allowed  to  pass  through  unlimited. 

The  most  common  cause  of  overloading  is  the  saturation  of  a  vacuum  tube.  A 
tube  is  a  linear  device  only  for  a  certain  range  of  applied  voltages  and  currents.  If 
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an  excessive  signal  is  applied  to  the  grid  of  a  triode,  the  plate  current  may  become 
temperature  limited,  which  means  that  the  output  becomes  independent  of  the  inpuli 
and  dependent  only  on  the  cathode  temperature  and  surface  condition.  The  same  ef¬ 
fect  may  occur  in  a  diode  that  i5j  called  on  to  rectify  an  excessive  signal. 

1.7.4  EFFECTS  OF  DIFFERENT  TYPES  OF  MODULATION 

Whenever  radio  frequencies  are  employed  for  the  transmission  of  intelligence, 
use  is  made  of  some  type  of  modulation.  The  original  signal  is  not  transmitted  di- 
i*ectly,  but  rather  it  is  used  to  modulate  a  so-called  carrier,  whose  frequency  is 
much  higher  than  that  of  the  original  signal  This  is  done  both  in  order  to  increase 
the  number  of  available  communication  channels,  and  because  low  frequencies  (be¬ 
low  about  100  kc)  cannot  be  efficiently  transmitted  by  radiation.  The  most  common 
types  of  modulation  are  amplitude,  frequency  and  phase,  and  pulse  modulation. 

The  three  types  of  modulation  differ  markedly  in  their  abilities  to  transmit 
useful  information  in  the  presence  of  interfering  signals.  This  ability  consists  of 
two  different  and  entirely  separate  properties.  One  is  the  ability  of  the  receiver  to 
amplify  the  desired  signal  more  than  the  interfering  one.  It  is  measured  in  terms 
of  an  interference-voltage  reduction  factor,  defined  as  the  ratio  of  the  signal-to-.in- 
terference  ratio  at  the  output  to  that  at  the  input.  The  second  is  the  ability  to  sepa¬ 
rate  the  desired  signal  from  the  interfering  one,  which  is  measured  in  terms  of  an 
improvement  threshold,  defined  as  the  minimum  signal-to-interference  ratio  nec¬ 
essary  at  the  input  to  produce  an  intelligible  signal  at  the  output.  The  signal-to-inr 
terference  ratio  required  at  the  output  for  intelligible  reception  depends  on  the  type 
of  signal,  i,  e.,  whether  the  intelligence  being  received  is  voice,  cod^  or  a  control 
signal,  as  well  as  on  the  type  of  interference  that  is  present.  The  improvement 
threshold  may  be  thought  of  as  the  point  at  which  the  desired  signal  "takes  over"  so 
that  it,  rather  than  the  interference,  determines  the  main  character  of  the  output. 

To  explain  the  practical  significance  of  these  two  properties,  consider  a  re¬ 
ceiver  to  which  a  combination  of  signal  and  interference  is  applied  with  ever-in¬ 
creasing  aignal-to-interference  rstio.  At  first  the  interference  is  much  larger  than 
the  desired  signal  and  the  latter  is  completely  masked  at  the  output.  No  useful  in¬ 
formation  is  received.  As  the  desired  signal  increases  in  strength,  a  point 
reached  at  which  the  desired  output  signal  becomes  intelligible.  The  input  signal- 
to-interference  ratio  at  this  point  is  the  improvement  threshold.  At  and  beyond  this 
point,  the  amount  by  which  the  ratio  is  reduced  between  the  input  and  output  is  meas¬ 
ured  by  the  interference-voltage  reduction  factor. 

The  behavior  of  the  three  types  of  modulation  with  respect  to  these  two  prop¬ 
erties  is  illustrated  in  Figure  1.  7.4,  in  which  the  signal-to-interference  ratio  at  the 
output  is  shown  as  a  function  of  the  signal-to-interference  ratio  at  the  input  for  some 
typical  cases.  The  improvement  threshold  is  the  point  of  maximum  slope  on  each 
curve,  i  e.,  the  point  at  which  the  desired  signal  "overtakes "the  interference  at  the 
most  rapid  rate.  The  interference -voltage  reduction  factor  in  each  case  is  given 
by  the  ratio  of  ordinate  to  abscissa.  The  values  of  this  ratio  of  greatest  interest  to 
the  designer  are  those  lor  which  the  signal-to-interference  ratio  at  the  input  is  in 
the  region  of  10-20  db. 

These  characteristics  of  the  various  t^^pes  of  modulation  are  important  for 
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equipment  designers  to  consider  in  the  initial  design  stages  especially  when  there 
is  a  choice  as  to  what  type  modulation  is  to  be  used.  Once  the  modulation  is  decid¬ 
ed  upon,  the  designer  must  make  use  of  the  best  design  techniques  in  order  to  in¬ 
sure  that  the  system  is  interference -free  within  the  limitations  posed  by  the  type  of 
modulation. 


Fig.  1,7,4  Relationship  of  Signal-to -Interference 
Ratio  at  Output  to  that  at  Input  for  Different  Types  of  Modulation 

Another  consideration  is  important  to  the  overall  picture  for  interference-free 
operation  of  the  complete  aircraft.  It  is  the  fact  that  all  three  types  of  modulation 
may  be  involved  in  the  various  equipments  installed.  Therefore,  for  interference- 
free  operation  of  the  complete  aircraft,  techniques  must  be  applied  as  required  for 
satisfactory  operation  of  the  most  interference  susceptible  equipments. 

1.  8  BASIC  METHODS  FOR  SUPPRESSION  OF  RADIO  INTERFERENCE 

Basically  there  are  three  ways  of  combating  an  interfering  signal;  To  mini¬ 
mize  ( 1)  its  generation,  (2)  its  transmission,  and  (3)  its  undesirable  effect  W  the  re¬ 
ceiver. 

To  prevent  the  generation  of  interfering  signals  means  to  design  all  equipment 
in  such  a  manner  that  no  interference  will  be  generated.  This  is  obviously  the  ideal 
way  of  dealing  with  interference  problems  because,  if  no  interference  were  gener¬ 
ated,  no  further  attention  would  have  to  be  paid  to  the  problem.  In  some  cases,  this 
can  be  achieved  simply  by  a  proper  choice  of  components.  For  example  if  there  is 
a  choice  between  two  motors  for  a  particular  application  one  with  a  commutator  and 
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one  without  thei^  all  other  things  being  equal,  the  one  without  a  commutator  .should 
be  chosen  because  this  choice  would  eliminate  all  interference  due  to  commutation. 
Or,  in  makings  choice  of  a  device  to  obtain  alternating  current  from  a  direct  current 
supply,  vibrators  should  be  avoided,  other  considerations  being  the  same,  because 
the  arcing  that  accompanies  their  operation  is  a  more  serious  source  of  inte  .’ference 
than  that  associated  with  other  types  of  inverters. 

If  the  generation  of  interfering  signals  cannot  be  prevented  entirely,  as,  for 
example,  in  those  sources  for  which  the  generation  of  interference  is  inherent  in 
their  normal  functions,  good  design  may  be  able  to  minimise  it»  For  example,  in 
the  ignition  system  of  the  aircraft  engine^  the  spark  is  essential  and  caimot  be  elim¬ 
inated.  Sut  the  exceedingly  steep  wave  fronts,  which  usually  accompany  the  spark 
and  are  the  primary  cause  of  the  strong  interference  fields,  may  not  always  be  es¬ 
sential  to  the  proper  operation  o"  the  ignition  system,  Here  proper  design  may  be 
able  to  prevent  some  of  the  interfering  signals  from  being  generated  though  it  can 
never  eliminate  all  of  them. 

The  prevention  or  minimiaing  of  the  generation  of  interfering  signals  is  proper¬ 
ly  the  task  of  the  designer  of  components  of  aircraft  ele  ctrical  systems  though  some 
prevention  can  also  he  achieved  by  the  aircraft  manufactureT  in  the  as  sembly  of  sys¬ 
tems,  The  application  of  the  basic  principles  developed  in  Paragraph  1.  8, 1  to  the 
design  of  components  will  he  found  in  Paragraph  3. 

Since, it  is  never  possible  to  prevent  all  interfering  signals  from  being  gener¬ 
ated  the  designer  must  try  to  keep  them  from  reaching  the  receiver  ,  Thia  problem 
may  be  attacked  at  various  points.  The  task  of  preventing  the  interfering  signals 
from  leaving  the  immediate  yicinity  of  the  spurce  also  belongs  properly  to  the  de¬ 
signer  of  components.  For  example,  interference  from  a  motor  may  be  kept  "bot¬ 
tled  uph  entirely  within  a  metal  housing,  which  is  an  integral  part  of  the  motor  and 
if  carefully  designed  may  act  as  a  complete  shield.  The  task  of  preventing  the  trans¬ 
mission  of  interfering  signals  at  points  between  components  belongs  to  the  designer 
of  aircraft  systems  and  the  engineer  responsible  for  the  installation  of  components 
and  systems  within  the  aircrafts  The  application  of  the  basic  principles  developed  in 
Paragraph  1,8,2  to  the  design  and  layout  of  aircraft  systems  will  be  found  in  Parsir 
graph  3.  3. 

Finally,  an  effort  must  be  made  to  prevent  the  interfering  signals  from  affect¬ 
ing  the  receive^.  Partly,  this  is  a  matter  of  preventing  its  transmission  into  the  re¬ 
ceiver  or  its  reaching  any  sensitive  circuits  within  the  receiver  as  pointed  out  in  Par¬ 
agraph  1.7.  Partly,  this  is  a  matter  of  incorporating  special  circuits  in  the  receiv¬ 
er  which,  in  one  way  or  another,  reduce  its  nuisance  value  as  defined  in  Paragraph 
1.  7. 1.  The  task  of  minimizing  the  effect  of  interference  on  the  receiver  belongs  pro¬ 
perly  to  the  designer  of  receivers.  The  application  of  the  basic  principles  develoi>- 
ed  in  Paragraph  1.  &  3 to  the  design  of  aircraft  receivers  will  be  found  in  Paragraph 
3.4. 

1.  8.  1  SUPPRESSION  AT  THE  SOURCE 

While  there  is  some  question  as  to  the  best  point  of  application  of  interference 
suppression  techniques  in  commercial  aircraft  there  can  be  no  doubt  that  for  mili- 
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and  with  the  ever  present  possibility  of  addition  of  new  or  relocation  of  old  equip¬ 
ment,  suppression  at  the  source  must  never  be  neKlected.  For  this  reasorij,  it  is 
highly  desirable  to  have  the  interference- suppressing  features  '^designed  into*'  the 
equipment  for  military  aircraft  before  their  delivery  to  the  aircraft  manufacturer. 
It  cannot  be  overemphasized  that  the  designer  must  always  keep  this  In  mind  while 
he  is  designing  the  equipment  to  meet  its  functional  characteristics. 

Suppression  at  the  source  has  two  basically  different  aspects:  The  prevention 
or  minimizing  of  the  generation  of  interfering  signals^  which  is  treated  in  this  para¬ 
graph,  and  the  "bottling  up"  of  the  generated  interfering  signal  within  the  source, 
which  is  a  problem  of  transmission  and  will  be  treated  in  Paragraph  1,  8.  2. 

In  Paragraph  1.  %  the  origin  of  interfering  signals  was  traced  to  variations  of 
either  generated  electromotive  forces  or  impedances.  According  to  this,  nr|event- 
iti^  or  minimizing  the  generation  f/f  interference  consists  of  preventing  or  minimiz¬ 
ing  all  unnecessary  variations  of  electromotive  forces  and  impedances.  This  means 
that,  for  each  piece  of  equipment,  the  designer  must  analyze  the  causes  of  varia¬ 
tions  of  electromotive  forces  and  impedances,  eliminate  those  that  are  unessential 
to  the  proper  operation,  and  reduce  the  essential  ones  to  the  absolute  minimum. 
Further  consideration  of  this  aspect  will  be  illustrated  by  the  analysis  of  individual 
components  in  Section  3.  Two  cases,  however,  involve  considerations  of  %  general 
type  and  will  be  taken  up  here:  The  prevention  of  radio  interfference  by  bonding,  and 
the  suppression  of  arcs. 

1.8, 1,1  BONDING 

Any  two  points  on  the  metallic  structure  of  the  airplane,  whether  electrically 
connected  or  not,  may  develop  a  potential  difference  at  some  frequency.  At  those 
frequencies  for  which  the  dimesiisien*  of  the  structural  member  are  of  the  order  of 
magnitude  of  a  wave  length,  such  potential  differences  are  impossible  to  avoid  in  the 
presence  of  an  electric  or  magnetic  field,.  At  the  lower  frequencies,  the  circuit  con^ 
cept  may  be  used  to  show  that  the  potential  difference  between  two  points  of  the  struc¬ 
ture  is  proportional  to  the  impedance  between  the  same  points,  Reducing  the  im¬ 
pedance  will  therefore  reduce  the  potential  difference  at  all  frequencies  at  which  this 
impedance  may  be  considered  as  one  lumped  element. 

Between  two  points  which  are  in  an  electromagnetic  field  and  which  are  elec¬ 
trically  insulated  from  each  other,  there  will  exist  a  comparatively  strong  electriq 
but  weak  magnetic  field  the  latter  being  caused  by  displacement  currents  only,  which 
are  negligible  at  frequencies  below  about  100  msgacyeles.  When  the  two  points  are 
"bonded",  i.  e. ,  connected  through  a  path  of  low  impedance,  a  conduction  current 
will  exist  with  which  is  associated  a  comparatively  weak  electric;  but  strong  magnet¬ 
ic  field.  The  conduction  current  with  its  magnetic  field  is  much  less  important  as 
an  interference  generator  than  the  electric  field  between  insulated  points  for  the  fol¬ 
lowing  reasons:  (1)  When  the  two  points  are  insulated  from  each  other,  even  a  small 
amount  of  charge  accumulated  at  the  points  may  cause  a  large  potential  difference. 
When  the  points  are  connected  permanently,  no  charge  can  accumulate  and  the  re¬ 
sulting  steady  state  current  is  usually  negligifalej  (2)  If  the  points  are  permanently 
bonded,  the  impedance  between  them  is  much  more  likely  to  be  constant  than  if  the 
points  are  separated  by  a  distance  which  may  vary  with  any  mechanical  shock  or 
other  random  motion  of  the  structure.  Thus,  bonding  will  eliminate  the  generation 
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of  interference  caused  by  a  varying  impedance;  (3)  If  the  points  are  insulated  from 
each  other,  the  electric  field  between  them  may  become  large  nor  h  to  cause  an 
arc  or  spark  discharge  of  the  accumulated  charge.  Arcs  and  sparks,  as  pointed  out 
in  Paragraph  1.  3.  2.  4,  are  among  the  most  serious  sources  of  radio  interference. 
This  type  of  arcing  is  eliminated  by  proper  "bonding. 

Bonding  of  the  aircraft  shell  serves  many  purposes  other  than  the  elimination 
of  interference,  such  as  to  provide  a  low  impedance  path  for  all  electrical  equip¬ 
ment  that  use  the  airplane  structure  for  a  return  circuit,  to  minimize  lightning  dam¬ 
age,  and  to  provide  an  effective  antenna  counterpoise.  Therefore,  good  bonding  will 
receive  careful  attention  by  the  designer  quite  apart  from  any  consideration  of  radio 
interference,  .  It  should  be  remembered,  however,  that  a  truly  low  impedance  path 
is  possible  only  so  long  as  the  dimensions  of  the  bonded  members  are  small  as  coxvr 
pared  to  a  wave  length  of  the  interfering  signal.  At  high  frequencies,  the  members 
must  be  considered  as  transmission  lines  whose  impedance  may  be  inductive  or  ca¬ 
pacitive  and  have  any  magnitude  whatever,  depending  on  their  geometrical  shape  and 
the  frequency.  Bonding  in  itself,  therefore,  does  not  assure  the  existence  of  a  true 
"ground  plane'*  in  the  aircraft,  i.e. ,  the  lack  of  an  appreciable  potential  difference 
between  any  two  points  of  the  bonded  members. 

Bonding  refers  to  the  provision  of  a  low  impedance  path  not  only  between  two 
points  of  the  structure  of  the  aircraft,  but  also  between  one  point  of  the  structure  and 
a  piece  of  equipment  for  which  the  structure  serves  as  ground.  Poor  bonding  of  this 
kind  is  a  very  frequent  cause  of  interference  though  it  is  not  ordinarily  considered 
as  a  source.  Rather,  poor  bonding  keeps  other  measures  of  suppression,  such  as 
the  insertion  of  filters  and  proper  "grounding",  as  discussed  in  Paragraph  1.8.  2, 
from  being  effective.  Examples  of  this  will  be  found  in  Paragraphs  1.8. 2,1  and 
1.8.  2,  3. 

1.  8. 1.  2  SUPPRESSION  OF  ARCS 

Arcs  occurring  during  switching  and  other  processes,  which  do  not  perform 
any  useful  function,  must  be  prevented  entirely  both  because  they  are  serious  sources 
of  radio  interference  and  because  they  produce  a  rapid  deterioration  of  the  contacts 
Devices  which  help  to  extinguish  the  arc  once  it  is  established,  such  as  the  mechani¬ 
cal  insertion  of  a  dielectric  between  the  contacts  or  the  placement  of  a  strong  mag¬ 
net  close  tothe  gap,  are  not  suitable  for  radio-interference  reduction  because  short¬ 
ening  the  duration  of  the  arc  does  not  reduce  its  effectiveness  as  a  source  of  high- 
frequency  disturbances.  The  only  suitable  methods  are  those  which  prevent  the  for¬ 
mation  of  the  arc  at  the  outset. 

By  far  the  most  effective  method  of  preventing  arcing  across  the  contacts  of  a 
switch  is  the  insertion,  in  parallel  with  the  switch,  of  a  capacitance  in  series  with 
a  resistance.  The  purpose  of  the  capacitor  is  to  prevent  the  voltage  across  the  con¬ 
tacts  from  building  up  sufficiently  to  produce  arcing;  the  resistance  helps  to  damp 
out  any  oscillations  that  may  occur  and  provides  a  means  of  dissipating  the  energy 
stored  in  the  magnetic  field  of  the  current  that  was  flowing  before  the  switch  was 
opened.  To  understand  these  actions,  consider  the  circuit  of  Figure  1.8.  i.  2- A. 
In  this  diagram,  E  is  a  direct-current  voltage  source,  Rj  is  the  load  resistor  which  is 
connected  to  the  source  when  the  switch,  S,  is  closed.  Since  every  circuit  contains 
inductance,  L  cannot  be  zero  though  it  may  be  small.  The  quantity  Cj  is  the  capacitance 
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between  the  contacts  of  the  switch  when  open,  and  R2  and  C2  are  the  elements  of  the 
external  network  added  for  the  purpose  <3if  the  arc  suppression.  In  general,  Cj  is 
not  constant  since  it  depends  on  the  position  of  the  contacts.  But  if  R2  is  not  too 
large  and  Cg  is  much  larger  than  Ci,  then  C|  may  be  neglected. 


R 


1 


j — yA'VV' — 

i  - - 


1 

-  1 

V  - 

~C2  E~ 

J’ 

%  L 
i  - - - 


A 

/ 


Fig,  1,8, 1,2 -A  Switching  Circuit  Fig,  1,8.1,2-B  Simple  Switching 

with  Arc  “Suppressing  Network  Circuit 

It  is  assumed  that  the  switch,  S,  is  initially  closed  so  that  a  steady  current 
I  “  E/Ri  flows  through  it  and  there  is  no  voltage  across  either  capacitor  nor  any  cur> 
rent  through  Rg.  U  then,  at  time  t  *=  0,  the  switch  is  suddenly  opened,  the  ques¬ 
tion  is;  What  happens  to  the  voltage,  V,  across  the  switch? 


Before  answering  this  complicated  question,  a  simpler  one  will  be  considered: 
What  happens  to  the  voltage  across  the  switch  in  the  simpler  circuit  of  Figure 
1.8.  1.  2-B,  in  which  the  external  arc-suppressing  network  has  been  omitted?  The 
integro -differential  equation  for  this  circuit,  for  all  times  subsequent  to  the  open¬ 
ing  of  the  switch,  is  as  follows: 

t 

•^1  ‘  ^  ft  ^  ^  /i  dt  =  E  (26) 

I  o 


where  i  is  the  instantaneous  current,  and  the  initial  condition  is  that  i  =  1  at  t  =  0. 
The  solution  of  this  equation  may  be  written  in  the  following  form: 


i  =  (  I  cos  wt  + 


E 

Zitllu 


sin  u>t  ) 


(27) 


where  w 


\J(l/CiL)  -  (Ri/2L)2 


From  this  it  follows  that; 


V  =  E  + 


(  IcoL 


ERj 

4(oL 


)  s  in  <*)t 


E  cos  cot 


R 


2L 


(28) 


Both  i  and  V  show  damped  sinusoidal  oscillations  provided  that  co  is  real.  To  esti¬ 
mate  the  maximum  voltage  that  can  build  up  across  the  switch,  assume  that  Rj  is 
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small  so  that  there  is  little  damping.  Then  the  maximum  value  of  V  is  approxi¬ 
mately  equal  to  IwL  =  lyL/Cj.  Thus,  if  there  were  no  capacitance  acioss  the  con¬ 
tacts,  the  voltage  would  become  infinite. 

To  retui-n  now  to  the  circuit  of  Figure  1.  8.  1.  2- A,  let  the  capacitance  Cj  be 
neglected  since  it  is  in  parallel  with  C2,  assumed  to  be  much  larger  than  Cj.  Then 
the  circuit  is  similar  to  the  simple  one  analyzed  before  with  the  capacitance  C2  sub¬ 
stituted  for  Cj  and  the  total  resistance  Rj  +  R2  substituted  for  Rj.  The  major  dif¬ 
ference  is  that  the  voltage  across  the  contacts  is  now  the  voltage  across  both  R2  and 
C2  instead  of  being  the  voltage  across  the  capacitance  alone.  The  maxima  of  the 
voltages  across  R2  and  C2  do  not  occur  at  the  same  time  so  that  the  maximum  volt¬ 
age  across  the  switch  is  not  equal  to  their  sum.  Nevertheless,  in  order  to  keep  the 
contact  voltage  small,  both  these  voltages  must  be  small. 

Proceeding  on  the  same  basis  as  before,  to  keep  the  voltage  across  C2  sttiall 
for  a  given  I  and  L,  this  capacitance  should  be  as  large  as  possible.  In  order  to 
keep  the  voltage  across  R2  small,  this  resistance  shoxild  be  as  small  as  possible 
since  the  maximum  value  of  this  voltage  is  simply  IR2»  using  the  same  approxima- 
tions  as  before.  It  may  be  noted  here  that  for  a  value  of  R2  equal  to  \jLi/C^  the  max¬ 
imum  voltages  across  C2  and  R 2  become  equal. 

On  the  other  hand,  to  increase  the  damping  the  total  resistance  of  the  circuit 
should  be  high.  If  weakly  damped  oscillations  of  large  amplitudes  are  permitted  to 
occur,  they  may  produce  as  much  radio  interference  as  the  arc  that  was  suppress¬ 
ed.  In  fact,  to  prevent  oscillations  altogether,  the  total  resistance  should  be  suffi- 
«  cient  for  "critical  damping",  i.  e. ,  sufficient  tp  reduce  w  to  zero  or  even  make  it 

imaginary.  ( A  sine  or  cosine  function  with  ima^tnary  argument  leads  to  an  expo¬ 
nentially  decaying  function  in  this  case.)  The  expression  for  u>  shows  that,  for  cri¬ 
tical  damping,  the  resistance  should  be  equal  to  2  Sjh/C^t  or  just  twice  the  value 

*  obtained  before.  If  Rj  is  very  small,  there  could  be  no  choice  of  R2  that  would  sat¬ 
isfy  both  requirements,  that  of  large  damping  as  well  as  that  of  small  contact  volt¬ 
age.  Fortunately,  in  most  practical  cases,  Rj  by  itself  is  large  enough  to  provide 
the  damping,  and  a  value  of  R2  as  little  as  l/lOO  of  the  value  required  for  critical 

„  damping  may  be  a  satisfactory  choice. 

The  choice  of  C2  is  determined  by  the  values  of  I  and  JL,  which  must  be  known 
and  can  easily  be  measured,  and  by  the  values  of  the  breakdown  voltage  between  the 
contacts.  The  value  of  C2  should  be  large  enough  to  keep  the  maximum  voltage, 
I  yL/C^t  below  that  breakdown  voltage  by  a  wide  margin  of  safety. 

In  determining  the  breakdown  voltage  between  contacts,  it  must  be  remembered 
not  only  that  tabulated  values  of  dielectric  strength  (which  is  the  ratio  of  break¬ 
down  voltage  to  the  thickness  of  the  dielectric  between  contacts)  are  very  approxi¬ 
mate  and  that  the  actual  breakdown  voltage  is  a  function  of  many  factors  such  as 
shape  of  the  contact  points,  frequency  and  wave  shape  of  the  applied  voltage,  hu- 
^  midity,  and  temperature,  but  also  that  there  is  a  definite  and  rapid  decrease  of  the 

*  breakdov/n  voltage  with  altitude  due  to  the  decrease  of  pressure  and  increase  of  ioni¬ 
zation.  The  ratio  of  the  breakdown  voltage  at  any  altitude  to  the  breakdown  voltage 
at  sea  level,  other  conditions  being  kept  equal,  is  shown  in  Figure  1.  8.  1.  2-C. 
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Altitude  ill  Thousands  of  Feet 


|''ig.  1.  8.  1,  c~G  Effect  of  Altitude  on  Breakdown  Voltage. 

1.  8.  2  SUPPRESSION  DURING  TRANSMISSION 

Once  an  interfering  signal  is  generated,  it  must  be  prevented  from  reaching 
the  receiver.  Five  methods  are  available  for  this:  (1)  location,  (2)  orientation,  (3) 
grounding,  (4)  shielding,  and  (5)  filtering. 

The  first  two  involve  extremely  simple  principles,  which  can  be  stated  in  a  few 
sentences.  The  other  three  require  more  detailed  analysis  and  will  be  treated  in 
later  paragraphs. 

Prevention  of  the  transmission  of  interfering  signals  by  proper  location  simply 
means  that  equipment  likely  to  generate  interference  or  lead  wires  likely  to  carry 
interfering  currents  should  be  mounted  or  placed  as  far  away  as  possible  from  all 
receivers  and  all  power,  control,  input,  or  output  leads  connected  to  any  receiver. 
It  also  means  that  all  equipment  should  be  placed  so  as  to  make  the  maximum  use  of 
natural  metallic  shielding  afforded  by  structural  members  such  as  the  skin  of  the 
aircraft,  bulkheads,  and  firewalls.  Because  of  the  high  sensitivity  of  modern  re¬ 
ceivers,  becatise  of  the  possibility  of  resonance  excitation  (See  Paragraph  1,6.4), 
and  because  of  the  possibility  of  direct  conduction  (see  Paragraph  1.6.3),  proper  lo¬ 
cation  cannot  prevent  all  interfering  signals  from  reaching  and  affecting  the  receiv¬ 
er,  but  it  aids  greatly  in  eliminating  some  and  reducing  most  of  the  remaining  inter¬ 
fering  signals  at  the  receiver.  The  proper  location  of  equipment  and  wiring  for  min¬ 
imum  transmission  of  interfering  signals  is  the  responsibility  of  the  systems  de¬ 
sign  and  lay-out  engineer. 

Prevention  of  the  transmission  of  interfering  signals  by  proper  orientation  of 
wiring  means  the  utilization  of  the  fact  that  the  inductive  coupling  between  two  cir¬ 
cuits  can  always  be  reduced  to  zero  by  proper  orientation  of  one  circuit  with  re¬ 
spect  to  the  other.  One  example  of  this  was  given  in  Paragraph  1.6^  1.  Another  ex¬ 
ample  is  illustrated  in  Figure  1.8.  2.  Here  a  comparison  is  made  between  the  in¬ 
ductive  coupling  of  two  circuits  that  contain  a  section  of  parallel  wires  and  that  of 
two  circuits  having  wires  crossing  perpendicularly.  The  amount  of  inductive  coup¬ 
ling  between  the  two  circuits  depends  on  the  amount  of  magnetic  flux  of  one  circuit 
linking  with  the  other.  Figure  1,8.  2  shows  that  the  number  of  flux  linkages  is  a 
maximum  when  the  two  wires  run  parallel,  and  zero  when  they  are  perpendicular. 
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Fig.  1.  8.  2  Coupling  of  Long  Straight  Wires 


Therefore^  whenever  conductors  carrying  interference  currents  and  conductors  sen¬ 
sitive  to  interference  pickup  must  be  close  together,  every  effort  must  be  ma.de  by 


1,8,2.  1  GROUNDING 


The  word  "grounding"  has  two  different  meanings  in  connection  with  aircraft 

♦  electrical  systems.  Sometimes  it  is  used  synonymously  with  bonding  to  meanj  con- 

«  necting  a  point  to  the  aircraft  structure  through  a  low  impedance  path,  At  other 

times  it  is  used  to  mea^  ;  connecting  apoint  electrically  in  such  a  way  that  it  becomes 
equipotehtial  with  all  otner  "grounded "points  in  the  system.  It  is  this  second  mean¬ 
ing  which  gives  rise  to  much  confusion,  and  many  radio  interference  problems  can 
•;  be  traced  directly  to  a  faulty  interpretation  of  this  concept. 

It  is  a  common  procedure  in  aircraft  wiring  and  circuit  diagrams  to  use  the 
ground  symbol  to  indicate  that  a  point  should  be  connected  electrically  to  the  air- 
craEft  structure.  This  procedure  is  unambiguous  for  direct  and  low  frequency  power 
\  currents,  but  objectionable  for  radio  frequency  currents.  As  was  pointed  out  and 

emphasized  in  Paragraph  1.  8.  1. 1,  bonding  to  the  structure  does  not,  in  itself,  as¬ 
sure  the  existence  of  a  true  ground  plane  at  most  of  the  frequencies  encountered  in 
»  interference  problems.  And  it  must  be  remembered  that  the  impedance  between  two 

points  supposedly  at  the  same  "ground "potential  need  not  be  very  large  to  cause  in¬ 
terference  to  be  transmitted  to  the  receiver. 

Consider,  as  an  example,  the  circuit  of  Figure  1.  8.  2.  1.  There  are  four  dif¬ 
ferent  "grounds",  one  for  the  receiver,  one  to  which  the  antenna  is  coupled  capaci- 
tively,  one  for  the  motor,  which  is  a  source  of  interference,  and  one  to  which  the 
by-pass  condenser  of  the  motor  is  connected.  These  four  points  are  labeled  1,  2, 
3,  and  4,  respectively.  Assume  that  points  1  and  4  are  at  the  same  potential  and 

*  also  points  2  and  3,  but  let  there  be  a  small  impedance  between  points  2  and  4  as  in¬ 
dicated  by  the  dashed  connection.  This  impedance,  Z,  may  be  caused  by  poor  bond¬ 
ing  or  by  the  fact  that  the  structural  member  between  these  points  has  a  small  effect¬ 
ive  resistance  or  inductive  reactance  at  the  frequency  of  interest.  Inspection  of  the 
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diagram  shows  that  this  impedance  is  common  both  to  the  interfering  currents  from 
the  motor  and  the  desired  antenna  currents  in  the  receiver.  Because  of  the  high  sen¬ 
sitivity  of  the  antenna  circuit  of  the  receiver,  even  a  very  small  interfering  voltage 
developed  across  Z  will  cause  an  appreciable  interfering  signal  at  the  output  of  the 
receiver.  This  example  illustrates  a  very  frequent  cause  of  interference  in  aircraft. 
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Fig,  1.  8.  2. 1  Ambiguity  of  Ground  Points 

The  designer  of  aircraft  equipment  and  systems  and  the  installation  engineer 
must  always  be  conscious  of  the  possible  ambiguity  of  ground  points  in  the  electri¬ 
cal  system.  He  must  keep  clearly  in  mind  the  fact  that  proper  ’'grounding"  is  not 
entirely  .a  matter  of  good  bonding,  and  that  it  may  be  impossible  to  have  two  points 
at  the  same  potential  over  an  appreciable  range  of  frequencies  unless  the  points  are 
physically  close  together. 

1.8,  2.  2  SHIELDING 

A  shield  is  a  partition  between  two  regions  of  space  such  that  the  electric  and 
magnetic  fields  of  interest  are  attenuated  in  passing  from  one  of  these  regions  to  the 
other.  All  practical  shields  are  made  of  metals  of  high  conductivity, 

The  shielding  action  of  metallic  sheets  may  be  explained  in  two  ways  depend¬ 
ing  on  whether  the  field  or  circuit  concept  is  used.  According  to  the  field  concept, 
the  shielding  action  of  a  metallic  sheet  is  two-fold:  An  electromagnetic  wave  strik¬ 
ing  a  metallic  surface  is  partially  reflected,  and  the  transmitted  part  is  attenuated 
in  its  passage  through  the  sheet,  According  to  the  circuit  concept,  the  currents 
flowing  in  circuits  on  one  side  of  the  sheet  induce  currents  in  the  sheet.  The  induced 
currents  produce  fields  on  the  other  side  which  just  cancel  the  fields  due  to  the  orig¬ 
inal  currents.  Mathematical  analysis  on  either  basis  is  very  difficult,  and  is  prac¬ 
tical  only  for  cases  of  simple  geometry  such  as  shields  in  the  shape  of  infinite  plane 
sheets  or  infinitely  long  circular  cylinders.  The  second  example  finds  application 
in  the  shielding  of  cables,  but  most  shielding  problems  in  aircraft  are  not  amenable 
to  simple  mathematical  analysis.  A  compilation  of  the  most  important  analytical 
expressions  for  the  effectiveness  of  shielding  in  certain  simple  cases  together  with 
their  derivations  is  given  in  Appendix  XVI, 

One  of  the  most  significant  results  is  that  a  plane  electromagnetic  wave  is  at¬ 
tenuated  very  rapidly  in  a  metallic  medium  after  entering  it  through  a  plane  boundary 
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surface.  The  fields  decrease  exponentially  according  to  the  law 
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Fo 


-1.238  S 

e  V  f 


(29) 


where  F  is  the  electric  or  magnetic  field  intensity  at  a  distance  S  inches  away  from 
the  surface,  F^  the  same  field  intensity  at  the  surface  in  the  same  units  as  F,  ^  the 
resistivity  of  the  material  in  ohm-circular-mils  per  foot,  p  the  relative  permeabil¬ 
ity  (fx  =1  for  all  non-magnetic  materials),  and  f  the  frequency  in  cycles  per  second. 
This  variation  is  shown  in  Figure  1. 8.  2.  2.  The  above  equation  is  exact  only  when 
the  metal  extends  to  infinity  in  the  direction  of  increasing  S,  but  in  case  of  a  shield 
of  finite  thickness  the  equation  is  a  good  approximation  when  the  field  at  the  far  end 
is  sufficiently  small.  In  practice,  even  a  very  thiii  metadlic  sheet  will  allow  only  a 
small  fraction  of  the  entering  energy  to  pass  through  it.  In  addition,  the  reflection 
coefficients  of  most  metallic  surfaces  to  plane  waves  are  large  so  that  only  a  small 
fraction  of  the  energy  striking  the  surface  will  enter  the  metal.  If  a  shield  must 
support  itself  mechanically,  the  thickness  required  by  mechanical  considerations  is 
usually  in  excess  of  that  required  for  effective  suppression  of  a  plane  wave  except 
at  low  and  very  low  frequencies.  However,  this  does  not  apply  to  metallic  coatings 
applied  to  mechanical  supports  of  other  materials.  These  coatings  are  often  so  thin 
that  no  effective  shielding  action  is  obtained.  Of  course,  even  a  comparatively  thick 
shiold  might  not  offer  sufficient  attenuation  if  the  source  is  very  strong  and  the  re¬ 
ceiver  very  sensitive. 


S  -  Distance  From  Surface 


Fig.  i.  8.  2.  2  -  Variation  of  Electric  or  Magnetic  Field  Intensity  Near  the 

Surface  of  a  Plane  Conductor 

It  is  often  convenient  to  define  the  'depth  of  penetration"  of  a  plane  wave  for  a 
plane  sheet.  This  is  that  value  of  S,  called  S^,  which  makes  the  exponent  in  Equation 
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(29)  equal  to  -I.  Thus 
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0.8079 


(30) 


Thus,  the  depth  of  penetration  is  the  thickness  through  which  the  wave  must  travel 
to  be  attenuated  to  1/e  o?  about  37%  of  its  original  amplitude. 


The  depth  of  penetration  of  an  electromagnetic  wave  is  a  concept  closely  re¬ 
lated  to  that  of  the  ”skin  effect".  Just  as  the  wave,  at  high  frequencies,  is  very 
rapidly  attenuated  as  it  progresses  into  the  metal,  so  the  current  decreases  with 
the  distance  from  the  surface.  This  crowding  of  the  current  near  the  surface  of  a 
conductor  is  called  the  skin  effect,  and  it  gives  rise  to  the  increase  of  the  effective 
resistance  of  a  conductor  with  frequency.  The  shielding  action  of  a  metallic  sheet 
may  also  be  explained  in  terms  of  the  skin  effect.  If  the  shicl<l  is  thick  enough  so 
that  the  currents  induced  in  one  side  of  the  sheet  are  practically  reduced  to  aero  on 
the  other  side,  then  no  electromagnetic  field  can  exist  on  the  other  side  (provided 
that  there  is  no  source  on  that  Side)  and  the  shielding  action  is  complete.  Since  the 
current  decreases  exponentially,  it  actually  never  reaches  the  value  of  aero  no  mat¬ 
ter  how  thickthe  shield  is  .  Th^s  shows  clearly  that  there  cannot  be  a  perfect  shield 
theoretically.  However,  at  higher  frequencies  the  decay  is  so  rapid  that  the  shield 
need  not  be  very  thick  to  make  the  fields  on  the  other  side  practically  undetectable 
by  the  most  sensitive  receivers  available. 

Equation  (29)  shows  that  the  effectiveness  of  shielding,  as  far  as  absorption 
within  the  metal  is  concerned,  is  directly  proportional  to  the  thickness  of  the  shield, 
to  the  square  root  of  its  conductivity,  and  to  the  square  root  of  its  magnetic  per¬ 
meability.  It  also  shows  that  the  shielding  effectiveness  increases  as  the  square 
root  of  the  frequency  so  that  the  thickness,  conductivity,  and  permeability  of  the 
shielding  material  should  be  chosen  for  the  lowest  frequency.  However,  when  mag¬ 
netic  materials  are  used,  it  must  be  remembered  that  the  permeability  of  mpstmag- 
netic  substances  decreases  with  freqviency.  Therefore,  an  increase  of  shielding 
effectiveness  with  frequency  is  not  always  realized.  It  should  also  be  noted  that,  as 
far  as  openings  and  joints  in  shields  are  concerned,  their  "leakiness"  depends  on 
their  dimensions  measured  in  wave  lengths,  hence  their  presence  makes  the  shield¬ 
ing  effectiveness  decrease  with  frequency.  More  specific  practical  rules  will  be 
given  in  Paragraph  3.  1.  2. 

The  discussion  above,  together  with  Equations  (29)  and  (30),  is  based  on  plane 
waves.  It  is  shown  in  Appendix  XVI  that  within  metals  electromagnetic  fields  be¬ 
have  like  plane  waves  under  a  variety  of  different  conditions.  For  example,  the  re¬ 
marks  about  the  skin  effect  and  Equation  (30)  are  applicable  to  most  metallic  sur¬ 
faces  as  agood  approximation  even  for  cylindrical  waves  unless  the  surface  is  curved 
with  a  radius  of  curvature  much  smaller  than  a  wave  length.  On  the  other  hand, 
the  fields  encountered  in  radio  interference  problems  are  often  not  associated  with 
plane  waves.  The  actual  fields  in  the  vicinity  of  sources  of  interference  may  be  so 
complicated  that  the  application  of  the  results  obtained  on  the  basis  of  plane  waves 
may  lead  to  serious  errors. 
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Practical  shields  are  usually  designed  so  as  to  enclose  completely  either  the 
source  in  order  to  keep  the  interference  in,  or  the  receiver  in  order  to  keep  the  in¬ 
terference  out.  In  either  case,  assuming  that  the  shielding  material  has  sufficient 
thickness,  conductivity,  and  permeability,  the  effectiveness  of  the  shield  depends  on 
its  completely  enclosing  the  source.  The  inside  {or  outside)  of  the  shield  must  form 
a  continuous  surface  of  lower  impedance  than  any  other  possible  current  path  lead¬ 
ing  to  the  outside  (or  inside)  of  the  shield.  This  means  that  openings  must  be  avoid¬ 
ed,  and  any  joints  must  be  carefully  designed  so  as  to  make  sure  that  good  electri¬ 
cal  contact  is  made  along  a  continuous  line.  In  ignition  systems,  which  depend  en¬ 
tirely  on  shielding  for  interference  -  free  operation,  practically  all  interference 
troubles  have  been  traced  directly  to  faulty  joint  design.  When  openings  are  ne¬ 
cessary,  as  for  ventilating  purposes,  they  must  be  specially  designed  for  minimum 
transmission  of  interfering  signals.  They  must  interrupt  the  flow  of  induced  cur¬ 
rents  in  the  shield  as  little  as  possible,  and  they  must  strongly  attenuate  any  radia¬ 
tion  through  them.  Protruding  sleeves  around  the  openings,  acting  as  -wave  guides 
below  their  cut-off  frequencies,  have  been  found  very  helpful. 

When  long  cables  are  shielded,  the  outside  o;f  the  shield  is  another  possible 
path  for  interfering  currents  from  sources  that  may  have  no  connection  with  the  cur¬ 
rents  within  the  shield.  To  minimize  this  possibility  as  well  as  the  effect  of  any 
faulty  shield  or  shielding  joint  design,  all  cable  shields  must  be  properly  grounded 

*  at  least  at  each  end,  and  for  very  long  cables  also  at  intermediate  points.  It  might 

^  be  argued  that  "floating"  shields,  or  shields  grounded  at  only  one  point,  are  also 

effective  in  preventing  undesired  currents  through  them,  ^ut  it  has  been  found  in 
n  practice  that  grounding  as  suggested  above  is  mors  effective  despite  fhe  iimita*- 

tions  pointed  out  in  Paragraph  1. 8.  2. 1, 

■<? 

Certain  types  of  special  purpose  shields  are  sometimes  used  to  reduce  ppetype 
of  coupling  without  affecting  another.  The  most  important  example  of  this  is  the 
^  "Faraday  shield",  which  is  used  to  prevent  capacitive  coqpling  between  two"  coifs 

without  affecting  the  inductive  coupling.  A  Faraday  shield  is  a  set  of  grounded 
metallic  prongs,  arranged  somewhat  like  the  teeth  of  a  comb,  placed  between  two 
coils.  Since  the  prongs  are  not  connected  at  one  end,  no  induced  currents  can  flow 
through  them  and  the  mtagnetic  coupling  is  not  affected.  But  the  prongs  are  so  close 
together  that  their  plane  is  essentially  equipotential.  Thus,  no  electrostatic  coup¬ 
ling  can  exist  between  the  two  coils.  Another  example  of  this  is  the  electrostatic 
shield  around  a  loop  antenna,  used  to  make  the  antenna  responsive  only  to  magnetic 
fields.  This  device  is  usefvil  when  the  most  important  interfering  signals  have  a 
much  larger  ratio  of  electric  to  magnetic  field  intensity  than  the  desired  signals. 

1.  8.2.  3,  FILTERING 

No  matter  how  well  a  source  is  shielded,  some  electrical  connections  naust 
,  be  made  to  it  that  will  break  the  shield  because  energy  must  be  either  supplied  to  it 

or  carried  away  from  it  or  both.  In  addition,  control  cables  may  have  to  be  con¬ 
nected  to  it.  These  power  and  control  leads  will  conduct  interfering  currents  away 

•  from  the  source  despite  all  efforts  toward  perfect  shielding.  The  conduction  of  in¬ 
terfering  currents  may  be  impeded  by  the  use  of  filters  or  other  special  networks. 
The  use  of  special  filter-like  networks  with  dissipative  elements  will  be  discussed 
in  Paragraph  3.  1.  i.  7. 
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A  filter  is  a  four -terminal  network  designed  to  freely  transmit  cur  remits  or 
voltages  of  certain  frequetncies  while  attenuating  all  others.  To  do  this,  use  is  made 
mainly  of  reactive  elements,  i.  e,,  inductances  and  capacitances.  The  presence  of 
dissipative  elements,  that  is,  elements  with  effective  resistance  or  pure  resistances, 
prevents  the  free  transmission  of  desired  currents  or  voltages  and  is  therefore 
usually  avoided  in  filters. 


Filters  are  classified  according  to  the  band  of  frequencies  to  be  transmitted 
and  attenuated  as  low-pass,  high-pass,  band-pass,  and  band-elimination  filters. 
Typical  examples  of  the  simplest  basic  structures  for  each  of  these  types,  together 
with  typiced  attenuation  curves  for  each,  are  shown  in  Figure  1,  6.2,  3 -A,  The 
frequencies  that  separate  transmission  and  attenuation  regions  are  called  the  cut¬ 
off  frequencies,  fc,  of  the  fiUer  as  noted  in  the  diagrams. 
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Fig.  l,g.  2. 3-A  Typical  Filter  Sections  Showing  Attenuation 
As  a  Function  of  Frequency 

The  elements  of  the  filter  must  be  so  chosen  that  the  impedances  looking  into 
and  out  of  the  filter  remain  approximately  the  same  as  those  of  the  transmission 
line  into  which  it  is  to  he  inserted  at  the  frequencies  it  is  desired  to  transmit. 
This  is  necessary  in  order  to  insure  that  the  filter  does  not  impair  the  normal  func¬ 
tioning  of  the  equipment  at  both  ends  of  the  transmission  line.  In  other  words,  the 
load  impedance  as  seen  by  the  generator  should  not  be  changed  by  the  insertion  of 
the  filter  so  that  the  generator  still  delivers  the  current  for  which  it  was  designed 
at  the  voltage  for  which  it  was  designed.  And  the  load  should  still  be  fed  by  a  net"^« 
work  of  the  same  open-circuit  voltage  and  the  same  internal  impedance  so  that  it 
operates  exactly  in  the  way  intended  by  the  designer.  On  the  other  hand,  at  the 
frequencies  the  filter  is  designed  to  attenuate,  the  impedances  as  seen  by  the  gen¬ 
erator  and  the  load  are  different  from  what  they  were  before  the  insertion  of  the 
filter  -  usually  either  very  high  or  very  low. 


■! 
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In  most  practical  aircraft  interference-suppression  problems,  the  main  con¬ 
sideration  is  to  pass  freely  a  power  or  control  current  comprising  a  single  fre¬ 
quency  or  at  most  a  very  narrow  band  of  frequencies,  while  at  the  same  time  great¬ 
ly  attenuating  all  other  (interference)  frequencies.  In  many  cases  this  can  be  ac¬ 
complished  by  designing  a  simple  low-pass  filter  in  accordance  with  the  data  given 
for  element  values  in  Appendix  VII.  The  details  to  be  considered  in  constructing 
the  capacitors  and  inductors  are  given  in  Paragraphs  3,  1.  1,4  and  3, 1,1.6.  The 
designerof  interference  suppression  filters  usually  v/illhave  a  wide  choice  of  para¬ 
meters  at  his  disposal  depending  upon  the  ratio  of  the  lowest  frequency  to  be  sup¬ 
pressed  and  the  frequency  to  be  transmitted,  and  also  the  attenuation  requirement 
to  be  met.  For  example,  if  the  interfering  frequencies  to  be  suppressed  are  above 
100  kc  while  the  frequency  to  be  passed  is  400  cps,  the  cut-off  frequency  of  a  low- 
pass  type  filter  could  be  chosen  anywhere  in  the  approximate  range  from  500  cps 
to  90,  000  cps  depending  on  the  number  sf  decibels  suppression  required  at  100,  000 
cps  and  above.  The  values  of  inductance  and  capacitance  can,  therefore,  vary 
over  a  wide  range  but  the  ratio  of  their  values  is  fixed  by  the  impedance  desired 
at  400  cps,  because  it  is  this  ratio  which  determines  the  impedance  looking  into 
the  filter  and,  therefore,  the  attenuation  loss  suffered  by  the  desired  400  cps  sig¬ 
nal. 

The  design  ©f  filters  is  an  art  as  well  as  a  science  since  so  much  depends  ©n 
the  judgment  and  techniques  used  by  the  filter  design  engineer.  However,  the  formu¬ 
las,  curves,  and  tables  given  in  Appendix  Vll  will  assist  the  design  engineer  in  the 
solution  of  interference  suppression  problems  on  a  scientific  basis  and  thus  avoid 
the  pitfalls  which  are  almost  certain  to  be  encountered  in  choosing  values  of  elements 
on  a  trial  and  error  basis, 

In  some  cases  the  designer  may  wish  to  choose  a  band-pass  filter  when  it  is 
desired  to  transmit  a  band  of  frequencies  without  attenuation  and  distortion  while 
at  the  same  time  highly  attenuating  all  frequencies  above  and  below  this  band.  For 
example,  it  may  be  desired  to  transmit  voice  frequencies  along  an  intercommunica¬ 
tion  system  in  aircraft,  or  the  input  circuit  to  a  receiver  may  require  a  broad  band 
filter.  Also,  circuits  within  a  receiver  itself,  such  as  audio  output  or  intermediate 
frequency  circuits,  often  require  faithful  transmission  over  a  fairly  wide  band  of  fre¬ 
quencies  while  suppressing  all  other  frequencies.  In  these  cases  the  designer  first 
of  all  determines  the  approximate  impedance  level  of  the  line  into  which  the  filter  is 
to  be  inserted,  the  upper  and  lower  cut-off  frequencies,  and  the  attenuation  required 
for  all  other  frequencies.  By  use  of  the  formulas  and  charts  given  in  this  book,  the 
correct  values  of  elements  can  then  be  readily  computedfor  maximum  performance. 

Unless  the  ratio  of  the  upper  to  the  lower  cut-off  frequencies  is  less  than  2  to 
1,  it  will  usually  be  found  advantageous  to  employ  high-pass  and  low-pass  filter  sec¬ 
tions  in  series.  This  advantage  will  be  apparent  if  the  size  of  the  inductors  and  ca¬ 
pacitors  are  computed  both  for  band-pass  and  for  low  or  high-pass  sections. 


It  should  be  pointed  out  that  there  may  be  other  good  reasons  for  choosing 
a  band-pass  type  filter,  as,  for  example,  to  make  use  of  impedance  transforma¬ 
tions  to  increase  or  decrease  the  current  or  voltage  in  the  line  (to  avoid  large  mag¬ 
netic  or  electric  fields),  or  to  obtain  more  easily  realizable  values  of  elements. 
The  techniques  used  by  filter  design  engineers  to  accomplish  these  results  are  be¬ 
yond  the  scope  of  this  volume  and,  therefore,  cannot  be  included  in  this  edition  of 
the  book. 
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It  must  be  pointed  out  that  there  are  many  cases  in  which  the  impedance  of  the 
filter  at  the  frequency  to  be  transmitted  is  of  secondary  importance.  If  the  current 
to  be  passed  is  direct  current,  i,  e,,  zero  frequency,  then  a  low-pass  filter  does  not 
change  the  impedance  level  at  all  looking  either  way,  except  for  the  effects  of  pos¬ 
sible  resistance  in  the  coils.  Also,  neither  a  series  inductance,  whose  impedance  is 
zero  at  zero  frequency,  nor  a  shunt  capacitor,  whose  impedance  is  infinite  at  zero 
frequency,  in  any  way  affects  any  direct  currents  or  voltages  in  a  system.  It  can 
be  shown  that  this  statement  is  substantially  true  also  for  low  frequency  alterna¬ 
ting  currents,  provided  only  that  the  frequency  to  be  transmitted  is  sufficiently  re¬ 
moved  from  the  cut-off  frequency  of  the  low-pass  filter.  To  show  this,  the  effect 
of  the  insertion  of  a  symmetrical  filter  into  a  circuit  is  considered.  Let  a  genera¬ 
tor  of  voltage  E  having  an  internal  impedance  be  connected  directly  to  a  load  of 
impedance  Zp_.  Then  the  current  is  E/fZg  ■{•  Zr)  at  all  frequencies.  After  inser¬ 
ting  a  filter  to  suppress  the  radio  interference  frequencies,  it  is  essential  that  the 
current  at  the  desired  frequency  or  frequencies  be  the  same  as  before,  but  currents 
at  all  other  frequencies  be  much  less.  If  this  can  be  accomplished,  then  the  func¬ 
tional  operation  of  the  generator  and  the  toad  is  the  same  as  before  the  insertion  of 
the  filter.  Now  let  a  filter,  with  image  impedances  Zj,  and  Z12  and  with  image  trans¬ 
fer  constant  0),  be  inserted  as  shown  in  Figure  1.8, 2,3-B,  Since  the  filter  is 
assumed  to  fee  symmetrical,  Zj^  =  =  Ej, 


Fig,  1,8,2,3-B  Insertion  of  Filter  Between  Generator  and  Load 


The  input  current,  I|,  is  given  by  Equation  (10)  in  Paragraph  1,4,  From  this 
equation,  the  impedance,  looking  into  the  filter  terminated  in  Zj^^,  may  be  ob¬ 

tained  and  is  given  by: 


Zu2  = 


Zl 


1  f; 

1  -  Fr'  e’2® 


(31) 


where  Fjl  =  (  Zp  -  Zj)  /  (  +  Zj).  Since  it  is  required  that  the  impedance  as 

seen  by  the  generator  should  still  be  Zj^  at  the  desired  frequency,  the  important  re¬ 
lationship  is  that  between  Zj.g  and  Zr.  The  expression  for  the  input  impedance 
may  be  changed  to  the  following  form: 


7 

1-2 


{ 1  +  e“29  )  +  (  1  -  e-20  ) 

_ 5r _ 

(  1  +  6-29  )  +  ^  (  1  -  6-29  ) 

_ 


(32) 
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To  obtain  a  clearer  picture  of  the  effect  on  the  input  impedance,  assume  that 
6  is  small  as  compared  to  unity,  so  that  e^^O  ad  j  _  20,  Then, 


Z  1  ..  7  4it 


(I-') 

(It-') 


1  +  9  ^ 
% 


% 

%  Zi 


It  is  seen  that  Zi„2  =  Zp^,  i.  e.  ,  the  impedance  as  seen  by  the  generator  remains 
unchanged,  when  either  6  =  0  or  Zp  =  Zj. 

In  a  low-pass  filter,  both  0  and  Zj  vary  with  frequency.  In  the  pass  band,  0 
is  imsgiBary,  8  =  The  phase  shift,;®  ,  is  given  by; 


P  =  tan-^  [2  ^ 


/i_\"  _ 

Wc  / 


where  f  is  the  frequency  and  f^  is  the  cut-off  frequency  of  the  low-pass  filter.  If 
i/ic  is  Small, y9  is  also  sniall,  and  one  may  write,  approximately, 


P  ai  -2 


The  image  impedance  of  a  constant-k  low-pass  filter  varies  with  frequency 
as  follows: 


Zt  =  R  \  1  - 


R 


where  R  is  the  design  resistance  of  the  filter.  Combining  these  equations,  one  ob¬ 
tains: 


1  +  2 


This  shows  that,  in  order  to  keep  Zi_2  substantially  equal  to  Zp,  the  term 


^  r;  -  ¥j  (38) 

must  be  kept  small.  To  do  this,  neither  f/fj,  nor  R/ Zp  ( or  2r/R  )  can  be  large. 

In  Figure  1.  8.  2.  3-C,  the  quantity  Zj_2/Zp  is  plotted  as  afunction  of  the  mis¬ 
match-ratio,  R/Zp,  for  different  values  of  f/fc.  For  example,  it  is  seen  that,  when 
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f  =  400  cps  and  =  40  kc,  so  that  f/f^,  =  0,01,  the  ratio  R/Zj^  may  be  as  small 
as  minus  one  and  as  large  as  ten  without  changing  the  impedance  level  more  than  20 
percent.  If  a  change  of  no  more  than  10  percent  is  desired,  either  the  cut-off  fre¬ 
quency  must  be  raised  or  the  ratio  must  be  made  closer  to  unity. 


R/Zr 


1,  8, 2,3-C  The  Effect  of  Mismatch  on  Input  Impedance  of  Low'-Pass  Filter 

The  equations  derived  hold  equally  well  for  both  sides  of  the  filter.  From  the 
relationships  given,  it  follows  that,  if  the  ratio  of  Zg  to  Zr  is  very  high  or  very  low, 
it  is  most  desirable  to  choose  R  near  the  geometric  mean,  yZgZ^,  in  order  to  keep 
both  R/Z^  and  R/Zg  as  close  to  unity  as  possible. 

When  the  only  desired  mode  of  transmission  is  direct  current,  that  is,  when 
the  frequency  of  the  desired  current  is  zero,  a  simple  shunt  capacitor  or  series  in¬ 
ductance  or  combination  of  the  two  may  be  effective  in  suppressing  interference  fre¬ 
quencies  from  zero  to  infinity.  Such  a  network  is  often  called  a  ''brute-force  filter  " 
because  it  does  not  satisfy  the  definition  of  a  filter  as  stated  above.  Since  these 
networks  are  often  used  to  suppress  interference  in  circuits  where  only  direct  cur¬ 
rents  are  to  be  passed,  they  are  usually  designed  without  regard  to  specific  fre¬ 
quency  or  impedance  requirements  because  the  frequency  of  the  pass  band  is  zero 
and  the  impedance  is  important  only  for  the  reasons  discussed  below.  The  design 
of  these  networks  is  treated  in  Paragraph  3,  1,  1,  1, 

Typical  arrangements  of  elements  for  "brute-force"  filter  networks  are  shown 
in  Figure  1.8,  2,  3-D, 

The  input  impedance  of  any  filter,  including  that  of  the  so-called  "brute-force  " 
type,  as  seen  by.the  source,  is  normally  either  very  high  or  very  low  over  roost 
of  the  attenuation  (interference)  band  as  compared  to  that  required  fora  good  match 
in  the  transmission  band.  This  fact  has  an  important  consequence  for  the  behavior 
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Fig.  1.8.  2.  3-D  "Brute-Force  Filters" 

of  the  circuit  before  the  point  at  which  the  network  is  applied.  If  the  source  of  inter¬ 
fering  signads  has  a  low  internal  impedance  at  those  frequencies,  a  low-impedance - 
input  network  increases  the  amplitude  of  the  interfering  currents  between  it  and  the 
source.  If  there  is  an  appreciable  amount  of  coupling  between  these  interfering 
currents  and  a  receiver  through,  say,  magnetic  induction,  the  suppressing  network 
may  increase  the  interference  rather  than  decrease  it.  If,  on  the  other  hand,  the 
source  has  a  high  internal  impedance,  a  high-impedance-input  network  increases 
the  voltage  across  its  input.  As  before,  this  voltage  may  affect  a  receiver  through, 
say,  capacitive  coupling,  so  as  to  increase  rather  than  decrease  the  interference. 
In  practice,  the  source  may  at  times  have  a  low  internal  impedance  and  at  other 
times  have  a  high  internal  impedance,  depending  on  the  frequency  or  mode  of  opera¬ 
tion.  Therefore,  great  care  must  be  used  by  the  designer  in  the  chpice  of  suppress¬ 
ing  networks  to  insure  a  reduction  of  all  types  of  interference  at  the  receiver  and  to 
avoid  the  pitfalls  of  reducing  the  effect  of  conducted  interference  at  the  expense  of 
interference  coupled  to  the  receiver  in  other  ways. 

The  location  of  the  filter  or  other  suppressing  network  is  another  item  that 
must  receive  carefvil  consideration.  Possible  choices  are  shown  in  Figure  1.8.2,3-E. 
It  is  clear  that  one  filter  at  each  of  the  possible  input  paths  of  the  receiver  will  take 
the  place  and  do  the  work  of  many  filters  at  the  outputs  of  all  the  interference  sources. 
On  the  other  hand,  the  effect,  mentioned  before,  of  increasing  interfering  currents 
or  voltages  before  the  point  of  application  of  the  filter,  obviously  increases  as  the 
filter  is  moved  further  from  the  source  and  is  minimized  by  placing  the  filter  di¬ 
rectly  at  the  source.  Care  must  also  be  taken  that  filter  coils  and  leads  are  not 
themselves  placed  in  interfering  fields.  For  example,  by  bundling  the  output  leads 
of  a  filter  together  with  the  input  leads,  or  by  placing  the  coil  of  a  filter  close  to  a 
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coil  carrying  interfering  currents,  the  effect  of  the  filter  may  be  completely  nulli¬ 
fied,  To  avoid  this  last  possibility,  it  may  be  necessary  to  shield  the  filter  coil  or 
perhaps  use  special  core  designs.  All  these  factors  must  be  considered  in  arriv¬ 
ing  at  a  decision  as  to  the  best  location  of  the  filters. 
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Fig,  1.8,2.  3-E  Location  of  Filters 

Detailed  filter  design  will  not  be  considered  since  it  has  been  treated  ade¬ 
quately  in  several  text  books,  as  noted  in  the  list  of  Selected  References,  Appen¬ 
dix  III,  The  most  important  design  formulas  are  listed  in  Appendix  VII  for  easy 
reference.  The  limitations  of  these  formulas,  however,  should  be  clearly  recog¬ 
nized,  They  lie  chiefly  in  four  facts;  (I)  the  resistance  of  inductance;  (2)  the  dis¬ 
tributed  capacitance  of  inductance  coils;  (3)  the  distributed  inductance  of  capacitor 
leads;  and  (4)  stray  coupling  between  coils  or  leads. 

The  first  of  these  limitations,  the  resistance  of  inductance  coils,  is  especially 
troublesome  for  direct  currents  since  it  may  cause  an  excessive  voltage  dropacross 
the  coil  and  a  corresponding  reduction  of  useful  outijut.  It  is  also  of  great  impor¬ 
tance  in  the  design  of  ’"wave  traps  "where  a  very  narrow  band  of  frequencies  is  to  be 
attenuated.  It  is  also  of  importance  in  obtaining  sharp  cut-offs  in  filters;  but,  as 
stated  elsewhere,  most  filters  used  for  interference  reduction  do  not  require  sharp 
cut-off  characteristics.  The  resistance  of  a  coil  is  usually  measured  in  terms  of 
a  figure  of  merit,  called  the  "Q"  of  the  coil  and  defined  as  the  ratio  of  the  inductive 
reactance  to  the  resistance; 


Q 


u>  L 
R 


(39) 


where  w  is  the  angular  frequency  in  radians  per  second,  L  the  inductance  in  henries, 
and  R  the  effective  resistance  in  ohms.  It  is  seen  that  "Q"  depends  on  the  frequen¬ 
cy,  but  at  radio  frequencies  the  resistance  is  a  function  of  frequency  also.  Usually, 
over  a  limited  range  of  radio  frequencies,  it  is  found  that  the  "O"  of  a  coil  is  more 
nearly  constant  than  its  resistance.  If  the  coil  is  used  in  combination  with  a  capa¬ 
citance,  either  in  series  or  in  parallel,  then  the  "Q"  specified  usually  refers  to  the 
resonant  or  anti-resonant  frequency  of  the  combination. 

The  second  and  third  limitations  noted  above  apply  especially  at  higher  fre¬ 
quencies.  The  distributed  capacitance  of  an  inductance  coil  may  cause  it  to  have  a 
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negative  reactance  at  frequencies  as  low  as  10  kc,  but  this  frequency  may  be  pushed 
up  considerably  by  proper  design.  The  lead  inductance  of  a  capacitor  may  cause 
its  reactance  to  become  inductive,  and  for  capacitors  v/ith  external  leads  this  us¬ 
ually  happens  between  100  kc  and  10  me,  approximately.  In  the  "feed-through" 
capacitors  (see  Paragraph  3,  1,1,5),  which  have  no  external  leads  in  series  with 
the  capacitance,  this  frequency  may  be  pushed  up  to  1000  me  and  higher.  Obvious¬ 
ly,  filters  will  lose  their  effectiveness  when  their  elements  undergo  such  radical 
changes. 


The  fourth  limitation,  stray  coupling,  is  troublesome  at  all  frequencies.  It 
may  be  inductive  or  capacitive.  It  occurs  most  frequently  between  the  input  and  out¬ 
put  leads  of  the  filter,  between  the  series  arms  of  a  T -network,  and  between  the 
shunt  arms  of  a  pi-network.  Specific  methods  of  minimizing  this  limiting  factor 
are  outlined  in  Section  3. 


If  filters  are  to  be  constructed  for  frequencies  that  are  too  high  for  lumped 
elements,  sections  of  transmission  lines  must  be  used  instead.  Because  of  the  dif- 
ficxilty  in  constructing  filters  that  are  effective  over  very  wide  ranges  of  frequen¬ 
cies,  it  may  be  necessary  at  times  to  use  two  or  more  filters  in  series  to  cover  the 
ontire  frequency  band  in  several  steps. 


In  designing  filters  for  the  suppression  of  radio  interference,  especially  those 
for  power  and  control  currents,  three  aspects  need  special  consideration.  The  first 
is  that  there  is  usually  only  one  frequency  to  be  transmitted  and  an  extremely  wide 
band  of  frequencies  to  be  attenuated.  The  second  is  that  the  impedances  of  the  ter¬ 
minal  equipment  are  usually  not  controlled  by  the  filter  designer.  They  are  not 
usually  constant  over  a  wide  frequency  range;  and,  moreover,  they  are  usually 
unknown  at  all  but  the  one  desired  frequency.  The  third  is  that  filters,  being  con¬ 
structed  mainly  of  reactive  elements,  cannot  dissipate  the  energy  associated  with 
the  generation  of  radio  interference. 

In  many  cases  of  interference  suppression  in  aircraft,  the  designer  will  be 
concerned  only  with  an  extremely  narrow  transmission  band  and  an  extremely  wide 
attenuation  band.  Therefore,  the  sharpness  of  the  filter  cut-off  and  the  behavior  in 
the  comparatively  wide  region  between  the  frequency  to  be  transmitted  (direct  cur¬ 
rent  or  400  cps)  and  the  lowest  frequency  to  be  suppressed  (about  150  kc)  are  rel¬ 
atively  unimportant.  The  only  important  requirements  are  minimum  attenuation  for 
one  frequency  and  very  large  attenuation  for  all  interfering  frequencies,  from  150 
kc  to  1000  me,  in  the  most  general  case. 

The  fact  that  the  terminating  impedances  are  not  constant  with  frequency  and 
are  usually  not  even  known  quantities  leads  to  considerable  complications  in  filter 
design.  Most  filter  design  considerations,  as  found  in  standard  text  books,  are  based 
on  constant-resistance  terminations.  In  this  case,  no  distinction  need  be  made  be¬ 
tween  transmission  of  power  on  the  one  hand,  and  that  of  currents  or  voltages  on  the 
other  because,  for  a  resistive  termination,  there  exist  the  simple  relationships 
P  =  i^R  =  E^/R,  so  that,  when  the  power  is  zero,  both  current  and  voltage  must 
be  zero  also.  This  is  not  true  when  the  terminating  impedances  can  be  reactive  and 
can  even  assume  values  of  zero  or  infinity,  i.e.  ,  become  resonant  or  anti- re  sonant, 
at  certain  frequencies.  Hence,  it  is  possible  for  a  filter  to  have  an  appreciable  cur¬ 
rent  or  voltage  output  despite  a  high  attenuation  constant  at  a  particular  frequency. 


1  -  57 


THEORY 


SEC,  I 


As  was  pointed  out  in  Paragraph  1.4,  in  radio-interference  problems,  itis  not  always 
the  power  output  that  is  important,  but  more  often  the  voltage  or  current  output,  even 
v/ith  very  little  pov/er.  Obviously,  this  aspect  requires  the  special  attention  of  the  de¬ 
signer. 

The  fact  that  filters  made  of  reactive  elements  cannot  dissipate  any  energy 
leads  to  a  considerable  increase  in  the  energy  that  must  be  dissipated  in  the  net¬ 
work  before  the  filter.  This  is  not  harmful  if  the  filter  is  placed  at  the  output  of  an 
interference  source  which  is  well  shielded  and  has  no  other  possible  outlets  for  the 
interfering  energy.  In  this  case,  the  energy  is  completely  "bottled  up"  -  the  fil¬ 
ter  acting  as  an  effective  stopper  -  and  is  dissipated  inside  of  the  shield,  where  it 
can  do  no  harm.  When  the  shielding  is  not  complete,  the  reflection  of  the  energy 
back  into  the  source  ipight  be  harmful  and  lead  to  increased  leakage;  but,  it  must  be 
remembered  that  one  function  of  a  properly  designed  filter  is  to  prevent  the  gen¬ 
eration  of  real  power  at  the  frequencies  to  be  attenuated,  by  offering  a  reactive  im¬ 
pedance  at  these  frequencies.  If  this  function  is  properly  performed,  there  is 
no  need  for  increased  dissipation  of  real  energy.  There  exists  apparent,  or  re¬ 
active, -power,  wMch  fluctuates  back  and  forth  between  the  filter  and  the  source 
and  need  not  be  dilssipated. 

Finally  the  extreme  importance  of  good  grounding  of  filters  must  be  empha¬ 
sized.  A  filter  can  he  made  completely  ineffective  by  improper  grounding  tech¬ 
niques.  Figure  1.  8.  2,  3-F  shows  how  a  high  impedance  bond  to  ground  offers  the 
interfering  currents  an  effectivj^  by-pass  path,  thus  viti ating  the  purpose  of  the  filter. 


Fig.  1.  8,  2.  3-F  Effect  of  Poor  Grounding  on  Filter  Effectiveness 
1.  8.  3  SUPPRESSION  IN  RECEIVERS 

In  spite  of  all  efforts  to  suppress  the  interfering  signal  at  the  source  and  to 
prevent  its  transmission,  there  will  always  be  some  such  signals  that  reach  the  re¬ 
ceiver.  In  the  design  of  receivers  which  will  not  be  susceptible  to  interference, 
the  designer  must  strive  (l)to  prevent  the  interfering  signals  from  entering  the  re¬ 
ceiver  and  affecting  any  sensitive  circuits,  and  (2)  to  minimise  the  effects  of  the  in¬ 
terfering  signals  in  case  they  have  gained  entrance  and  have  affected  a  sensitive  cir¬ 
cuit.  The  first  is  a  problem  of  transmission.  The  second  is  a  matter  of  utilising, 
in  one  way  or  another,  any  differences  that  ma.y  exist  between  the  desired  and  the  in¬ 
terfering  signal. 


1.  8.  3.  1 


MINIMUM  TRANSMISSION 


1. 8.  3. 1  DESIGN  FOR  MINIMUM  TRANSMISSION 

The  problems  encountered  in  trying  to  prevent  an  interfering  signed  from  en¬ 
tering  the  receiver  have  been  discussed  previously  in  Paragraph  1.8.2.  They  are 
problems  of  shielding  the  entire  receiver  including  all  antenna  lead-ins,  filtering 
all  power  and  control  leads  leadir  g  into  the  receiver,  and  designing  the  receiver  in 
such  a  way  that  interfering  signals  entering  through  the  output  leads  cannot  affect 
any  sensitive  portion  of  the  receiver.  This  last  problem  is  a  difficult  one  since  fil¬ 
tering  in  the  outputleads  is  not  usually  practical,  and  once  an  interfering  signal  has 
entered  the  receiver,  the  problems  of  preventing  its  transmission  to  a  sensitive 
circuit  aie  greatly  maanified.  Extensive  shielding  and  filtering  within  the  receiver 
may,  at  times,  be  necessary. 


Attention  must  also  be  paid  to  the  location  of  switching  devices  related  to  re¬ 
ceiver  operation.  Often  an  antenna  relay  is  found  within  the  receiver  case,  thus  af¬ 
fording  the  interfering  signals  from  the  transmitter  an  easy  entry.  The  number  of 
leads  enterijt^  a  receiver  must  be  kept  at  the  absolute  minimum,  and  any  device, 
not  an  integral  part  of  the  receiver,  should  not  be  placed  in  the  receiver  case. 


1.  8.  3.  2  BANDWIOTH  CONSIDERATIONS 


One  difference  between  the  desired  and  interfering  signals  is  their  frequency 
content.  The  desired  signal  contains  only  frequencies  within  a  well-defined  region 
of  the  frequency  spectrum?  for  example,  the  carrier  and  two  side -bands  for  double 
side-band  transmission  in  amplitude  modnlation.  On  the  other  hand,  the  interfer¬ 
ing  signal  is  spread  fairly  evenly  over  a  very  large  portion  of  the  frequency  spec¬ 
trum.  Of  these  frequencies,  the  receiver  accepts  only  those  that  fall  within  its  band 
of  acceptance.  Hence,  a  receiver  should  be  designed  so  as  to  reduce  the  width  of 
its  accep|:ance  band  to  the  minimum  requir  ed  for  the  reception  of  the  desired  signal. 


The  last  sentence  must  be  interpreted  in  the  light  of  the  results  of  a  statisti¬ 
cal  analysis  of  random  noise.  Such  analysis  shows  that  the  larger  the  bandwidth  of 
the  receiver,  the  greater,  potentially,  could  be  the  improvement  of  the  signal-to- 
Interference  ratio  provided  the  bandwidth  is  fully  utilized  for  the  improvement  of 
this  ratio.  Hence,  "minimum"  means  the  smallest  bandwidth  required  for  making 
the  fullest  use  of  the  potentialities  of  the  system  to  improve  the  signal-to-interference 
ratio.  Thus,  for  example,  a  receiver  using  frequency  modulation  will  provide  a 
greater  signal-to-interference  ratio  at  its  output  than  one  using  amplitude  modu¬ 
lation  for  the  same  signal-to-interference  ratio  at  the  input,  even  though  it  has  by 
far  the  larger  bandwidth.  The  reason  for  this  is  that  the  frequency-modulated  re¬ 
ceiver  makes  more  efficient  use  of  its  bandwidth.  This  has  been  discussed  in  de¬ 
tail  in  Paragraph  1.7,4. 

On  the  other  hand,  for  limiters  to  be  effective  (see  Paragraph  1.8. 3.  3.1), 
interfering  pulses  should  undergo  as  little  pulse -lengthening  as  possible.  Hence, 
the  bandwidth  should  be  as  large  as  possible.  Thus,  the  bandwidth  requirements 
are  contradictory,  and  the  actual  design  must  be  a  compromise.  The  designer  must 
decide,  in  each  case,  whether  it  is  better  to  allow  more  interference  to  enter  the  re¬ 
ceiver  and  suppress  it  later  by  effective  limiting  action,  or  to  eillow  as  little  inter¬ 
ference  as  possible  to  enter,  with  the  knowledge  that  any  attempt  to  limit  later  will 
be  quite  ineffective. 
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1.  8.  3.  3  SPECIAL  CIRCUITS 

A  large  number  of  special  circuits  have  been  developed  for  the  purpose  of  re¬ 
ducing  radio  interference  in  receivers.  Only  those  circuits  are  treated  in  this  par¬ 
agraph  which  attempt  to  reduce  the  interference  after  it  has  entered  the  antenna  or 
any  other  point  along  th**  normai  route  of  the  desired  signal.  In  other  words,  the 
circuits  to  be  discussed  act  after  the  interfering  and  desired  signals  have  mixed, 
and  therefore  they  must  separate  the  two  on  the  basis  of  some  intrinsic  difference 
between  them.  This  difference  may  lie  in  the  wave  form,  in  the  frequency  distri¬ 
bution,  or  in  some  definite  phase  relations  that  apply  to  one,  but  not  to  the  other. 

The  circuits  to  be  discussed  fall  into  one  of  five  groups:  (1)  limiters,  (2) 
wave  traps,  (3)  blanking  circuits,  (4)  phase -cancelling  circuits,  and  (5)  audio 
filters.  The  first  and  third  are  applicable  when  the  interfering  signal  consists  of 
large -amplitude  pulses  whose  duration  is  very  short  as  compared  to  their  period. 
The  second  is  applicable  if  the  interfering  signal  contains  only  one,  or  at  most  only 
a  very  narrow  hand  of  radio  frequencies.  The  fourth  is  effective  for  interfering 
signals  whose  character  and  path  of  entry  arc  precisely  known.  Finally,  the  fifth 
is  effective  when  the  interi-aring  signal  contains  only  a  small  number  of  fixed  audio 
frequency  components.  Of  the  five,  only  the  first  three  are  extensively  used  in  re¬ 
ceivers  at  this  time. 


1,  8,  3, 3.1  LIMITERS 

The  action  of  an  amplitude  limiter  is  based  on  the  fact  that,  in  amplitude  mod¬ 
ulation,  the  amplitude  of  the  desired  signal  varies  from  zero  to,  at  most,  twice  the 
carrier  amplitude,  reaching  that  amplitude  only  during  the  rare  modulation  peaks. 
If  an  interfering  signad  contains  pulses  of  short  duration  whose  amplitude  rises  above 
that  value,  its  effect  will  be  greatly  reduced  if  all  amplitudes  are  limited  to  that  same 
value,  This  limiting  action  does  not  affect  the  desired  signal.  Noise  limiters  of 
this  type  are  quite  effective  and  are  now  a  standard  part  in  many  receivers. 

Limiting  action  in  these  circuits  is  usually  provided  either  by  the  switching 
action  of  a  diode  (in  so-called  "diode  limiters")  or  by  saturation  of  some  tube.  A 
diode  limiter  may  be  either  the  series  or  shunt  type.  In  the  series  type,  the  diode 
is  in  series  with  the  normal  plate  current  flow  sc  that  it  is  conducting  as  long  as 
the  signal  does  not  exceed  twice  the  carrier  level,  but  becomes  non-conducting  for 
a  short-time  interval  when  the  signal  exceeds  this  value.  In  the  shunt  type,  the 
diode  is  in  parallel  with  the  normal  plate  current  flow  so  that  it  is  normatlly  non¬ 
conducting,  but  becomes  conducting  for  excessive  signal  amplitudes.  In  either 
case,  the  signal  becomes  greatly  attenuated  during  the  time  that  the  limiting  action 
of  the  diode  takes  place.  Clearly,  this  time  must  be  small  enough  so  that  the  desired 
signal  remains  unaffected.  Making  use  of  the  saturation  effect  in  a  vacuum  tube  has 
the  advantage  that  no  special  tube  is  needed  to  provide  noise  limiting  action,  but  that 
an  existing  tube  maybe  utilized  for  this  purpose.  Practically,  however,  it  has  been 
found  that  this  method  is  less  effective  and  introduces  greater  distortion  in  the  de¬ 
sired  signal  than  a  separate  limiter  stage. 

Because  of  the  pulse -lengthening  action  of  the  various  stages  of  the  receiver 
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(see  Paragraph  i.7.  2),  the  most  desirable  location  of  the  noise  limiter  circuit  is 
before  the  radio  frequency  ampiifier,  or  at  einy  rate,  as  close  to  it  as  possible. 
Diode  limiters,  however,  need  both  direct  current  pxilses  and  considerable  voltage 
amplitudes  for  their  operation,  which  normally  are  not  available  in  the  early  stages 
of  the  receiver.  The  generally  accepted  location  of  diode  limiters  is  therefore  the 
second  detector  stage,  where  the  necessary  voltages  and  currents  are  available. 

In  many  cases  limiting  action  can  be  made  even  more  effective  by  allowing  it 
to  take  place  belov/  the  100  per  cent  modxilation  level.  This  will,  of  course,  intro¬ 
duce  distortion  int>..  the  desired  signal  during  modulation  peaks;  but,  remembering 
that,  in  practice,  an  average  modulation  level  of  from  30  to  40  per  cent  is  rarely 
exceeded,  the  resulting  distortion  is  quite  small  as  compared  to  the  improvement 
obtained  due  to  the  suppression  of  interference  peaks. 

1 .  8.  3 .  3 . 2  WAVE  TRAPS 

A  wave  trap  is  a  circuit  designed  to  attenuate  greatly  one  frequency,  or  a  very 
narrow  band  of  frequencies,  while  passing  without  appreciable  attenuation  all  other 
frequencies.  Wave  traps  are  usually  inserted  into  the  antenna  circuit  of  a  receiver 
to  eliminate  one  particular  frequency,  which  happens  to  be  particularly  disturbing. 
Since  the  input  circuit  of  a  receiver  itself  acts  like  a  band-pass  filter,  frequencies 
far  removed  from  the  acceptance  band  of  the  receiver  will  usually  be  sufficiently 
attenuated  by  the  receiver  itself  unless  they  are  extremely  strong.  Wave  traps  are, 
therefore,  most  frequently  employed  when  the  frequency  to  be  suppressed  lies  just 
above  or  just  below  the  frequencies  passed  by  the  receiver.  In  the  case  of  very 
strong  interfering  signals,  however,  the  attenuation  produced  by  the  receiver  may 
be  insufficient,  and  a  wave  trap  may  have  to  be  used  even  though  the  interfering  fre¬ 
quency  is  several  octaves  above  or  below  the  frequencies  passed  by  the  receiver. 

The  simplest  type  of  wave  trap  is  an  anti-resonant  circuit,  i.  e.,  a  parallel 
combination  of  inductance  and  capacitance  as  shown  in  Figure  1,8.  3.3.2-A.  This 
circuit  has  a  very  high  impedance  at  the  anti-resonant  frequency  and,  therefore, 
attenuates  the  currents  at  that  frequency.  How  rapidly  the  impedance  decreases  on 
either  side  of  the  ant; -resonant  frequency  depends  on  the  ratio  of  L/C  and  on  the  "Q" 
of  the  circuit.  This  is  shown  by  writing  the  expression  for  the  impedance  of  the 
anti-resonant  circuit: 
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where  f  is  the  frequency  and  fc  =  l/(2'ff  VLC)  is  the  approximate  anti-resonant  fre¬ 
quency.  This  expression  shows  that  the  impedance  is  decreased  at  all  frequencies 
if  L  is  decreased  with  a  constant  Q  and  fc.  Since  fc  is  determined  by  the  product 
LC,  decreasing  L  with  constant  fc  means  increasing  C. 

On  the  other  hand,  increasing  Q  with  a  constant  h  euid  fc  has  no  effect 
except  when  f/fc  is  close  to  unity.  For  it  is  seen  that,  if  f/fc  is  either  much  larger 
or  much  smaller  than  unity,  the  impedance  is  practically  independent  o£Q,  provided 
that  Q  is  larger  than  about  10  -  a  condition  usually  satisfied  in  practice.  But  when 
f/fc  is  very  close  to  unity,  the  impedance  becomes  practically  proportional  to  Q, 

The  dependence  of  the  variation  of  IZI  on  Q  and  on  the  ratio  L/C  is  illustrated 
in  Figure  1.  8.  3.  3.  2.  It  is  seen  that,  for  a  wave  trap  of  the  type  under  considera¬ 
tion  to  have  the  minimum  effect  on  the  transmission  of  the  desired  band  and  to  pro¬ 
vide  the  maximum  attenuation  of  the  interfering  signal,  the  ratio  JL/C  should  be  as 
small  as  possible  and  Q  should  be  as  large  as  possible. 


Fig.  1.8.  3.  3.2  Characteristics  of  Simple  Wave  Trap 

More  detailed  information  for  the  design  of  wave  traps  will  be  given  in  Para¬ 
graph  3. 1. 4.  2. 

1 . 8.  3.  3.  3  BLANKING  CIRCUITS 

In  a  blanking  circuit,  the  entire  receiver  is  rendered  inoperative  for  the  dura¬ 
tion  of  an  interfering  pulSe.  Such  action  can  take  place  before  the  signal  ehters  the 
first  stage  of  the  receiver,  and  therefore  is  not  subject  to  the  restrictions  imposed 
by  the  pulse -lengthening  effect  of  the  receiver  circuits.  Blanking  action  may  be 
triggered  by  the  interfering  pulse  itself,  in  which  case  a  delay  line  or  circuit  must 
be  provided  for  the  desired  signal  so  that  the  receiver  is  blocked  before  the  unde¬ 
sired  pulse  can  enter  it.  It  may  also  be  triggered  by  an  independent  signal  in  those 
cases  where  the  arrival  of  an  interfering  pulse  is  known  in  advance,  as  for  example 
when  the  interfering  pulse  comes  from  a  radar  transmitter  in  the  same  aircrafto 
In  this  case,  the  triggering  pulse  may  be  provided  by  a  signal  taken  directly  from  that 
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radar  transmitter.  Blanking  action  is  usually  provided  by  a  simple  amplifier  sta.ge 
that  can  be  biased  to  cut-off  by  the  suitably  amplified  trigger  pulse. 

Blanking  circuits  are  often  used  when  no  other  methods  of  protecting  the  re" 
ceiver  are  available,  but  they  lack  the  simplicity  of  limiters  and  wave  traps.  They 
are  complete  units  in  themselves  including  amplifiers,  trigger  pulse  amplifiers, 
and  delay  circuits.  In  addition,  their  action  itself  may  be  a  source  of  interference 
inasniueh  as  cutting  off  the  carrier  periodically  is  a  form  of  modulation,  which  will 
appear  in  the  audio  output  as  noise.  This  can  be  overcome  by  supplying  the  carrier 
locally  when  the  blanking  circuit  punches  "holes"  into  the  carrier  arriving  from  the 
outside,  but  this  increases  the  complexity  of  this  method  still  further. 

1.8.  3.  3.  4  PHASE  CANCELLING  CIRCUITS 

A  phase  cancelling  circuit  is  a  circuit  that  allows  the  transmission  of  the  inter-^ 
fering  signal  by  two  different  paths.  When  the  two  portions  of  the  interfering  sig¬ 
nal  recombine,  they  are  exactly  180°  out  of  phase  and  cancel.  Because  the  phase 
shift  of  any  network  is  usually  a  function  of  frequency,  phase  cancelling  networks 
arc  not  designed  for  signals  containing  more  than  one  or  at  most  a  few  frequencies. 
They  can  only  be  used  when  the  path  of  entry  as  well  as  the  nature  of  the  interfering 
signal  are  fully  known.  Therefore,  their  use  is  practically  restricted  to  interfering 
signals  from  radar  transmitters  or  modulators  in  the  same  aircraft,  or  from  similar 
sources  of  definite  frequency. 

The  block  diagram  of  a  typical  phase  cancelling  circuit  is  given  in  Figure 
1.8.  3.3.4. 


Fig.  1. 8.  3.  3.  4  Block  Diagram  of  Phase  Cancelling  Network 
1.8.  3.  3.5  AUDIO  FILTERS 

In  those  cases  where  the  interfering  signal,  contains  only  a  small  number  of 
fixed  audio  frequencies,  it  is  possible  to  design  a  filter  that  eliminates  these  fre¬ 
quencies  and  to  place  it  in  one  of  the  audio  stages  of  the  receiver.  For  example, 
when  a  local  radar  transmitter  causes  severe  interference  at  the  frequency  of  its 
pulse  repetition  rate,  the  audio  frequencies  present  in  the  output  of  the  receiver  will 
be  only  that  repetition  frequency  and  its  harmonics.  An  audio  filter  can  be  designed 
that  attenuates  the  very  narrow  bands  of  frequencies  about  each  of  these  frequen¬ 
cies. 
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Since  the  ear  is  normally  quite  discriminating  against  audio  signals  of  differ* 
ent  pitch,  the  desired  signals  \vill\isually  remain  intelligible  in  the  presence  of  even 
fairly  loud  interference  of  definite  pitch,  An  audio  filter,  in  eliminating  this  inter¬ 
ference,  will  decrea;sethe  annoyance  caused  by  the  interference,  but  will  not  usually 
appreciably  add  to  the  intelHgibility  of  the  desired  signal.  Therefore,  and  also  be¬ 
cause  of  their  inherent  complexity,  these  filters  are  rarely  used  in  existing  re¬ 
ceivers. 
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2.  THE  MEASUREMENT  OF  INTERFERING  SIGNALS 

It  is  obvious  that  in  order  to  design  equipment  that  is  neither  a  source  of,  nor 
susceptible  to,  radio  interference,  there  must  be  available  adequate  means  of  measur¬ 
ing  both  the  amount  of  interference  generated  by,  and  the  degree  of  susceptibility  of, 
a  component,  equipment,  or  complete  installation.  "Adequate  means"  here  means 
not  only  the  necessary  test  equipment,  but  also  [Standardized  test  procedures  and  a 
set  of  meaningful  limits  in  terms  of  easily  measured  quantities. 

As  was  explained  in  Paragraph  1.2,  the  nature  of  interfering  signals,  in  gen¬ 
eral,  is  such  that  no  single  quantity  can  bejused  for  its  adequate  description,  A  com¬ 
plete  description  could  be  given  only  in  the  form  of  one  of  two  equivalent  curves: 
Either  a  plot  of  amplitude  as  a  function  of  time,  or  a  plot  of  amplitude  (or  energy) 
as  a  function  of  frequency.  The  first  is  called  the  wave  form,  the  second  the  fre¬ 
quency  distribution.  Neither  of  these  is  suitable  for  quick  and  easy  determination, 
each  requiring  a  very  large  number  (theoretically  an  infinite  number)  of  individual 
measurements. 

K  the  interfering  signal  consists  of  a  single  transient,  there  is,  indeed,  no 
simple  method  available  of  obtaining  significctnt  information  about  it  by  means  of  a 
single  or  a  very  small  number  of  measurements.  But  most  interfering  signals  en¬ 
countered  in  practice  are  either  periodic,  or  such  that  the  small  differences  between 
samples  of  the  signal  taken  at  different  times  are  not  significant.  In  either  case,  in¬ 
formation  about  the  signal  at  all  times  is  not  required,  and  attention  may  be  focused 
on  just  a  short  space  of  time,  either  a  cycle  or  an  arbitrary  interval.  Furthermore, 
properties  may  be  defined  which  can  be  measured  by  means  of  a  single  measure¬ 
ment,  and  these  properties  may  be  used  to  characterize  the  signal.  The  properties 
most  commonly  used  are  the  true  average,  (rarely  used  because  it  is  usually  zero); 
the  half-cycle  average,  usually  simply  called  "average";  the  root-mean- square;  and 
the  peak  values  of  the  interfering  current  or  voltage  taken  either  over  a  peried  or 
over  an  arbitrary  time  interval. 

All  interfering  signals  consist,  or  may  be  considered  to  consist,  of  a  series 
of  pulses.  In  practice,  most  such  signals  may  be  classified  as  one  of  two  types:  The 
impulsive  type,  in  which  the  individual  pulses  are  very  short  as  compared  to  their 
average  repetition  rate,  so  that  a  comparatively  long  period  of  silence  exists  be¬ 
tween  successive  pulses;  and  the  random  type,  often  called  "white  noise",  in  which 
the  pulses  follow  one  another  so  closely  that  the  character  of  the  individual  pulses 
is  completely  lost.  There  is  no  sharp  boundary  between  the  two,  and  all  interme¬ 
diate  stages  are  possible.  Yet  it  seems  that  most  interfering  signals  encountered 
in  practice  can  definitely  be  placed  in  one  group  or  the  other. 

Interference  of  the  impulsive  type  will  show  very  high  peak  values  and  very  low 
average  or  root- mean- square  values.  In  fact,  on  some  type  of  meters  reading  ave¬ 
rage  or  root- me  an- square  values,  an  impulsive  type  of  interference  may  indicate 
nothing  despite  having  a  high  nuisance  value.  Random  interference,  on  the  other 
hand,  is  best  measured  by  its  average  or  root-mean- square  value,  while  its  peak 
value,  which  may  be  only  slightly  larger  than  the  average  and  may  be  subject  to  con¬ 
siderable  random  variation,  is  of  no  great  significance.  Thus  it  is  seen  that  a 
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meter,  or  its  mode  of  operation,  must  be  chosen  intelligently  according  to  the  type  of 
interference  to  be  measured. 

Just  as  the  type  of  meter  to  be  used  in  measuring  generated  interference  must 
be  chosen  according  to  the  type  of  interference  to  be  measured,  so  the  generator 
used  in  susceptibility  tests  must  be  chosen  according  to  the  type  of  response  of  the 
receiver.  Since  any  type  of  interference  may  be  present  in  an  aircraft,  the  sus¬ 
ceptibility  of  a  receiver  should  be  tested  with  a  signal  of  the  type  which  causes  the 
greatest  response. 

In  as  much  as  all  "receivers"  (as  defined  in  Section  1)  must  terminate  in  some 
kind  of  indicator  or  other  device  capable  of  responding  to  the  interference,  the  sim¬ 
plest  and  most  direct  check  on  the  presence  of  interference  originating  within  the 
aircraft  is  by  routine  use  of  the  equipment  already  installed  as  a  functional  part  of 
the  airplane.  If  all  electrical  compor±ents  are  of  proper  design  and  have  been  cor¬ 
rectly  installed,  interference  of  any  sort  will  be  below  a  negligible  minimum  as  in¬ 
dicated  by  headsets,  radar- scopes  and  similar  devices.  The  "General  Acceptance 
Tests"  set  forth  in  military  specifications  discussed  in  Paragraph  2,1  constitute 
more  than  90%  of  all  checks  on  aircraft  delivered  by  the  vendor  to  Government 
agencies.  Equipments  which  do  not  meet  these  requirements  must  go  back  for  re¬ 
work  and  then  be  subjected  to  much  more  rigid  and  detailed  tests  of  a  quantitative 
nature.  This  is  also  true  in  all  cases  where  aircraft,  or  their  components,  are  be¬ 
ing  produced  under  new  or  original  contracts  and  specifications. 

The  general  acceptance  tests  have  the  additional  advantage  of  testing  both  the 
efficacy  of  the  sources  and  the  susceptibility  of  the  receivers  during  the  same  mea¬ 
suring  process.  But  obviously,  such  procedure  is  of  little  help  to  the  manufacturer 
who  wants  ujformation  about  a  single  component  before  it  is  installed  in  the  aircreift. 
Hence  test  instruments  and  procedures  have  been  set  up  to  enable  the  manufacturer 
to  evaluate  his  product  in  a  way  which,  as  much  as  possible,  insures  satisfactory 
performance  in  the  airerj^t. 


2.  1  REVIEW  OF  MILITARY  SPECIFICATIONS 

In  order  to  obtain  reproducible  results,  to  allow  exchange  of  ideas  and  infor¬ 
mation  among  the  various  workers  in  the  field,  and  to  insure  results  that  are  signi¬ 
ficant  in  terms  of  the  ultimate  effect  of  the  interference,  standard  methods  of  mea¬ 
suring  interference  must  be  established.  This  necessitates  the  use  of  standard  test 
equipment  and  the  establishment  of  standard  test  procedures.  The  standards  adopted 
by  the  Military  Procurement  Services  are  laid  down  in  the  various  military  speci¬ 
fications  covering  radio- interference  limits  and  test  procedures.  The  ultimate  pur¬ 
pose  of  these  specifications,  which  are  frequently  revised  to  incorporate  the  latest 
developments  in  the  field,  is  to  insure  radio- interference-free  performance  of  all 
electric  and  electronic  ins  in  the  aircraft.  The  design  engineer  or  other 

interested  personnel  should  obtaincopies  of  the  military  specifications  of  the  latest 
date  of  issue  from  the  nearest  Procurement  Service. 

In  adhering  to  the  specifications,  the  design  engineer  must  keep  in  mind  the 
problems  of  those  who  are  responsible  for  achieving  the  ultimate  aim;  interference- 
free  design.  Logistics  require  that  the  supply  of  adequate  equipment  is  not  only 
sufficient,  but  also  accomplished  with  the  minimum  complexity  of  procurement, 
storing,  and  distribution.  This  requires  that  all  aircraft  equipment  be  designed  for 
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2.  1 

the  worst  conditions  likely  to  be  encountered,  a  policy  which  results  in  the  greatest 
flexibility,  interchangeability,  and  ease  of  relocation  of  aircraft  equipment.  For 
example,  interference- generating  equipment  used  only  during  engine  starting  (pro¬ 
vided  it  causes  no  malfunctioning)  is  not  objectionable  in  land-based  aircraft.  But 
the  same  equipment  could  not  be  tolerated  in  carrier-based  aircraft  because  the  in- 
terferehce  generated  might  seriously  hamper  the  communications  of  the  carrier  it¬ 
self,,  Yet,  to  keep  the  total  number  of  parts  required  by  the  Military  Services  at  a 
minimum,  the  same  components  should  be  used  by  both  services  if  feasible. 

The  design  engineer  must  also  keep  in  mind  that  the  limits  set  by  the  military 
specifications  are  reasonable,  realistic,  and  necessary.  In  all  cases,  actual  limits 
were  Imposed  only  after  careful  study  and  the  accumulation  of  a  vast  amotint  of  ex¬ 
perience.  Again  and  again  it  is  found  that,  as  soon  as  deviations  are  granted,  the 
final  product  is  unsatisfactory,  and  much  time  emd  money  is  wasted  in  order  to  make 
the  necessary  "fixes".  Frequently  it  is  found  that  more  time  is  lost  by  this  proce¬ 
dure  than  was  gained  by  granting  the  deviations;  and  the  final  product  is  never  as 
satisfactory  as  a  design  that  met  the  specifications  from  the  beginning. 

To  insure  uniformity  of  procedure  amd  compliance  with  adl  details  of  required 
tests,  whether  on  component  parts  or  on  a  completed  aircraft  assembly,  it  is  re¬ 
quired  that  a  government  inspector  work  in  Cooperation  with  the  contractor.  The 
inspector  has  general  supervision  of  the  test  procedure,  according  to  the  current 
issue  of  the  military  specifications  discussed  below,  and  of  the  form  and  extent  of 
the  data  included  in  the  report.  In  cases  where  a  contractor  desires  a  deviation 
from  contract  specifications  or  from  accepted  engineering  practice,  he  must  ob¬ 
tain  written  consent  of  'he  procuring  service.  This  service  may  require  detailed 
drawings  and  routine  tests  on  the  modified  device  before  acceptance. 

A  brief  discussion  of  the  military  specifications  on  radio  interference  of  most 
interest  to  the  designer  of  airboriie  equipment  is  given  below.  Since  these  specifi¬ 
cations  are  frequently  revised,  the  discussion  is  general  and  the  numerical  values 
given  hold  only  as  of  the  date  of  issue  of  this  book. 

The  following  specifications  are  discussed  below: 

(a)  MIL-I-6051.  This  covers  interference  compliance  tests  and  general  ac¬ 
ceptance  tests  of  complete  aircraft  installations. 

(b)  MIL-I-6181.  This  sets  limits  and  prescribes  test  procedures  for  both 
generated  interference  and  susceptibility  of  aircraft  electrical  and  elec* 
tr  onic  e  quipment. 

(c)  JAN-I-225i  This  describes  procedures  for  the  measurement  of  generated 
interference  in  the  range  from  G.  15  to  20  megacycles  for  components  and 
complete  assemblies. 

These  three  specifications  apply  to  aircraft  as  of  the  date  of  issue  of  this  book.  It 
should  be  noted,  however,  that  JAN-I-225  is  in  the  process  of  being  revised,  and  a 
replacement  is  expected  scon.  Also,  special  specifications  for  limits  and  test  pro¬ 
cedures  on  aircraft  propeller  systems  are  in  the  process  of  being  written.  Finally, 
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for  purch.ases  by  the  Bureau  of  Ships,  Specification  MIL-I- 16910,  which  is  also  dis 
cussed  briefly  below,  should  be  used  in  lieu  of  JAN-I-225. 


2.  1. 1  MILITARY  SPECIFICATION  MIL-I- 605 1 

This  specification  is  dated  28  March  1950  and  super  sedes  Specification  AN- 1- 24a 
of  31  July  1947.  It  covers  interference  limits  and  methods  of  measurement  for  air¬ 
craft  radio  and  electronic  installations.  All  tests  under  this  specification  are  made 
on  complete  aircraft.  No  test  instruments  are  required  other  than  the  normal  re¬ 
ceiver  complement,  except  that,  for  quantitative  measurements,  an  output  meter  is 
used  in  addition  to  the  normal  output  device. 


Two  types  of  tests  are  distinguished:  The  Interference  Compliance  Test  and 
the  General  Acceptance  Test.  The  first  requires  quantitative  measurements  and  is 
required  of  all  eimerimental  aircraft,  and  of  the  first  production  models  until  two 
consecutive  models  have  passed  inspection  without  rework.  The  second  involves  no 
quantitative  measurements  and  is  required  of  all  other  models  as  long  as  the  re¬ 
quirements  of  the  specification  are  fixlly  met.  Any  model  that  fails  to  pass  the  tests 
must  he  subjected  to  an  Interference  Compliance  Test,  and  so  must  each  following 
aircraft  until  again  two  consecutive  models  have  passed  without  rework. 


The  requirements  are  simply  that  there  be  no  radio  interference.  Radio  in-  * 

terference  is  defined,  as  in  Section  I,  as  any  disturbance  or  disturbances  which 
cause  an  imdesirable  response  or  malfunctioning  of  any  electronic  equipment.  Mal¬ 
functioning,  in  turn,  is  defined  as  that  type  of  output  which  departs  from  normal,  * 

due  to  interference,  in  such  a  maimer  that  the  operator  or  actuating  mechanism  is  ^ 

unable  to  differentiate  operationally  between  desired  and  unde  sired  signals.  Finally, 
undesirable  response  is  defined  as  a  recognizable  interruption  to  normal  output 
which  introduces  no  malfunctioning. 

This  last  definition  is  clarified  by  the  definition  given  in  the  Introduction  of 
this  book:  Undesirable  response  is  any  audible,  visible,  or  otherwise  measurable 
response  of  a  receiver  (as  defined  in  Section  1)  which  is  not  produced  by  a  desired 
signal.  It  is  clearly  the  intent  rf  the  specifications  to  require  that  no  equipment  or  • 

installation,  operating  alone  or  in  conjunction  with  any  or  all  other  equipments  and 
installations,  shall  produce  any  recognizable  response  of  any  receiver. 


It  should  be  noted  that  this  specification  imposes  no  requirements  on  the  indi¬ 
vidual  components  of  aircraft  equipments  and  installations.  In  this  respect  the  speci¬ 
fications  are  incomplete  since  relocation  of  just  one  item  in  the  aircraft  might  mean 
the  difference  between  meeting  and  not  meeting  the  requirements.  In  other  words, 
the  fact  that  a  completed  aircraft  meets  the  requirements  of  this  specification  is  no 
guarantee  that  each  component  meets  the  reqviirements  of  Specification  MIL-I-6181 
(see  below).  Conversely,  strict  compliance  of  all  components  and  Individual  equip¬ 
ments  with  the  requirements  of  MIL-I-6181  does  not  always  insure  the  absence  of 
interference  in  the  completed  aircraft  since  equipments  operating  in  conjunction 
with  one  another  may  produce  interference  not  detectable  when  either  is  operating 
alone.  Thus  these  two  specifications  complement  each  other. 
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2. 1.  2  MILITARY  SPECIFICATION  MIL-I-6I81 

This  specification  is  dated  14  Jtine  1950  and  supersedes  Specification  AN- 1-42 
of  25  May  1948.  It  covers  interference  limits  and  tests  on  aircraft  electrical  and 
electronic  equipment.  The  tests  to  be  performed  are  essentially  laboratory  tests 
on  individual  equipments  or  components. 

The  basic  purpose  of  this  specification  is  to  insure  an  interference-free  de¬ 
sign  of  all  electrical  and  electronic  equipment  in  aircraft.  It  might  be  said  that  the 
entire  purpose  of  this  handbook  is  simply  to  aid  the  designer  and  manrifacturer  in 
meeting  the  purpose  and  intent  of  this  specification.  EqHal  emphasis  is  placed  sstt 
these  two  aspects; 

(a)  Equipment  shall  be  so  designed  as  to  generate  the  least  practicable  ra¬ 
dio  interference  before  interference-suppression  components,  such  as 
filters  or  shields,  are  applied. 

(b)  Components  shall  be  placed,  and  circuitry  arranged,  in  such  a  way  as  to 
result  in  a  minimum  of  undesired  coupling. 

This  specification  deals  with  two  kinds  of  requirements;  Those  for  equipments 
or  components  capable  of  generating  interference,  and  those  for  receivers  capable 
of  being  affected  by  interference. 

2. 1. 2. 1  SUSCEPTIBILITY  LIMITS  AND  TESTS 

The  purpose  of  the  susceptibility  tests  is  to  determine  the  degree  to  V<^hich  un¬ 
desirable  signals  may  gain  entrance  to,  and  cause  undesirable  response  or  malfunc¬ 
tioning  in,  the  receiver.  The  requirements  are  simple;  A  sihe-wave  signiu  of  1000 
microvolts  (2000  microvolts  for  frequencies  below  150  kilocycles  for  receivers  oper¬ 
ating  in  that  range)  applied  between  any  external  circuit  or  lead,  other  than  the  an¬ 
tenna,  and  groxmd  shall  produce  no  interference.  The  leads  to  be  tested  Include  all 
power  and  control  leads  as  well  as  all  leads  to  headphones,  scopes,  or  other  indi'- 
eating  devices.  When  testing  the  leads  connecting  the  output  device,  care  must  be 
taken  that  the  output  device  itself  is  not  susceptible  to  the  applied  signal.  The  pur¬ 
pose  of  this  requirements  is  to  insure  that  the  receiver  is  designed  in  such  a  way 
that  no  radio-frequency  interference  cam  gain  entry  to  the  sensitive  circuits  of  the 
receiver  through  the  output  leads,  be  amplified  and  detected  within  the  receiver, 
and  then  appear  as  interference  in  the  output.  No  information  about  the  receiver 
could  be  obtained  if  the  output  device  were  affected  directly  by  the  test  signal. 

2.  1.  2.  2  INTERFERENCE  LIMITS  AND  TESTS 

The  purpose  of  the  interference  tests  is  to  determine  the  amount  of  interfer¬ 
ence  generated  by  the  equipment  or  component  under  test.  The  requirements  are 
stated  separately  for  conducted  and  radiated  interference.  Conducted  interference 
is  to  be  measured  only  at  frequencies  from  150  kc  to  20  me,  and  the  maximum  allow¬ 
able  voltage,  to  be  measured  in  accordance  with  Specification  JAN-I-225  (see  below), 
is  50  microvolts,  except  below  300  kc.  Between  150  and  300  kc  the  limit  decreases 
linearly  from  200  to  50  microvolts. 


MEASUREMENTS 


SEC,  n 


"Radiated  interference"  is  defined  in  this  specification  as  the  interference  that 
is  propagated  in  the  form  of  an  electro-magnetic  field,  including  both  the  radia¬ 
tion  and  the  induction  components  of  the  field.  Thus  it  is  seen  that  the  term  is  not 
used  in  the  strict  technical  sense,  but  rather  somewhat  loosely.  This  discrepancy 
was  discussed  in  Paragraph  1.6.4.  It  is  best,  in  connection  with  this  specification,' 
to  think  of  radiated  interference  as  any  interference  that  is  picked  up  by  an  antenna 
or  probe  not  in  contact  with  a  lead  carrying  interfering  currents. 


Radiated  interference  must  be  determined  in  the  frequency  range  from  150  kc 
to  1000  me.  Since  indications  of  measured  interference  depend  on  the  meter  used 
as  well  as  on  the  pickup  device  used  with  the  meter,  the  limits  are  specified  in 
termiS  of  readings  on  specific  interference  meters.  The  meters  specifically  recom¬ 
mended  are  the  Ferris  Model  32A,  Measurements  Corporation  Model  58,  TS-587/U, 
and  AN/URM-28.  All  of  these  instruments  are  discussed  below  in  Paragraph  2.2. 
If  a  contractor  desires  to  use  any  other  test  instruments,  he  should  obtain  written 
permission  from  the  Procuring  Agency.  In  general  it  will  be  required  that  the  me¬ 
ter  used  be  calibrated  against  one  or  more  of  the  recommended  meters. 


It  should  be  noted  that  this  specification  requires  not  only  the  use  of  specific 
meters  (or  their  equivalent),  but  also  specifies  the  pickup  device  to  be  used  as 
well  as  the  position  of  the  functional  switch,  which,  in  various  meters,  allows  read¬ 
ings  designated  variously  ^as  "Peak",  "Quasi-Peak",  or  "Field  Intensity".  The 
meaning  of  these  designations  is  discussed  in  more  detail  in  Paragraph  2.  2.  1, 


2.  1.3  MILITARY  SPECIFICATION  JAN-I-225 


This  specification,  dated  14  June  1945,  deals  with  the  test  conditions  and 
methods  used  for  making  the  measurements  required  by  Specification  MIL-I‘’6181. 
It  was  written  esseniially  with  the  Ferris  noise  meter  type  32B  in  mind,  and  there¬ 
fore  covers  only  the  range  from  150  kc  to  20  me.  Its  main  purpose  is  to  establish 
a  set  of  standard  test  conditions  which  will  allow  the  measurements  to  be  repeated 
at  different  times  and  in  different  locations  with  essentially  the  same  results.  It 
therefore  specifies  the  terminating  equipment  and  the  arrangement  of  leads  relative 
to  a  ground  plane  of  specified  dimensions  and  constructions  since  it  was  found  that 
the  physical  length  and  arrangement  of  these  leads  may  affect  the  readings.  Future 
specificjations  which  will  replace  JAN-I-225  are  expected  to  deal  in  more  detail  with 
the  measurements  required  at  higher  frequencies  and  the  many  new  interference  me¬ 
ters  which  have  become  avatilable  in  recent  years, 

2.  1.4  MILITARY  SPECIFICATION  MIL-I- 16910  (SHIPS) 

This  specification,  dated  14  January  1952,  is  used  for  Bureau  of  Ships  pur¬ 
chases  in  lieu  of  JAN-I-225.  It  is  a  very  much  extended  edition  of  JAN-I-225, 
covering  frequencies  from  14  kc  to  1000  me.  It  deals  with  ail  interference  meters 
discussed  in  Paragraph  2.  2,  plus  the  experimental  AN/TRM-4  not  discussed  in  this 
book  and  two  obsolete  Navy  models. 

One  of  the  major  changes  in  this  specification  as  compared  with  earlier  ones 
is  the  recognition  of  the  importance  of  band-width.  Limits  for  interference  are  given 
in  microvolts  per  kilocycle  band- width  for  conducted  interference,  and  in  microvolts 
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per  meter  per  kilocycle  band~widthfor  radiated  interference.  wAn  exception  is  made 
if  the  interference  is  of  the  continuous-wave  type,  in  which  case  the  older  units  of 
microvolts  and  microvolts  per  meter  are  used.  A  further  discussion  of  the  reasons 
for  this  change  will  be  found  in  Paragraph  2.  2. 

The  seventeen  meters  mentioned  in  this  specification  are  divided  into  fotir 
groups  as  follows: 

(a)  Approved  as  conforming  with  the  detailed  requirements  set  forth  in  these 
specifications. 

(b)  Approved  for  a  special  purpose  only. 

(c)  Not  evaluated  at  the  time  of  classification. 

(d)  Meters  in  this  group,  being  existing  meters  in  general  use,  may  be  used 
\mtil  conditions  permit  their  replacement  with  approved  types. 

The  classification  of  each  meter  is  given  with  the  other  pertinent  data  in  Paragraph 

2.2. 


Since  this  specification  covers  a  much  wider  frequency  range  and  a  much  lar¬ 
ger  number  of  test  instruments,  it  provides  a  much  more  extensive  ti^eatment  of  the 
subject  than  JAN-I-225,  For  further  details,  the  specification  itself  must  be  con¬ 
sulted. 

2.  2  RADIO  INTERFERENCE  MEASURING  SETS 

New  instruments  are  being  developed  continuously  and  made  available  to  the 
manufacturer.  Those  currently  available  are  discussed  below,  and  the  nuanufac- 
tux'er  should  check  the  Air  Force  for  information  regarding  newer  types  whenever 
the  instruments  described  below  do  not  suffice  to  make  the  required  measurepaents 
on  certain  equipments. 

2.  2. 1  GENERAL  DESIGN  CONSIDERATIONS 

From  the  discussion  in  Section  1. 2  and  from  what  has  been  said  in  Section  2, 
it  is  obvious  that  the  nature  of  radio  interference  prohibits  its  adequate  description 
by  any  single  measurement.  Presently  available  measuring  instruments  are  usually 
calibrated  to  read  the  peak,  quasi-peak,  effective,  or  average  values  of  the  inter¬ 
ference,  However,  since  the  electrical  disturbances  causing  interference  are  com¬ 
plex  waves  varying  greatly  in  amplitude,  phase,  and  frequency  distribution,  a  single 
type  of  measurement  can  be  no  more  than  an  arbitrary  established  standard.  Seve¬ 
ral  different  measurements  of  the  same  interference  would  be  required  to  adequately 
describe  it. 

A  radio-frequency  type  of  interference  meter  measures  the  RF  amplitude  of 
radio  interference  in  much  the  same  manner  as  a  "conventional"  field  strength  me¬ 
ter.  It  is  complete  within  itself,  consisting  of  a  specially  designed  and  constructed 
radio  receiver,  and  an  indicating  meter  which  is  connected  into  the  receiver  by 
means  of  a  special  circuit.  Attention  is  drawn  to  the  fact  that  the  conventional  type 
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field  strength  meters  are  useful  only  for  measuring  sinusoidal  waves,  that  is,  they 
do  not  have  the  dynamic  characteristics  necessary  for  measuring  the  many  types  of 
wave  shapes  which,  as  stated  above,  constitute  radio  interference.  For  this  reason, 
any  attempt  to  "fix"  or  modify  a  radio  receiver  in  such  a  way  as  to  make  it  satis¬ 
factory  as  a  general-purpose  radio  interference  meter  will  be  unlikely  to  succeed. 

The  audio-frequency  type  meter  is  used  for  the  measurement  of  the  effect  of 
radio  interference  by  connecting  it  across  the  output  of  the  radio  receiver.  It  is 
essentially  an  output  meter,  provided  with  special  circuits  to  give  qxiasi-peak,  peak, 
and  average  readings  on  a  meter  which  may  be  calibrated  in  volts,  milliwatts,  or 
deeibeis.  Meters  of  this  type  may  be  used  to  measure  radio-frequeiicy-intcrfcrence 
currents  and  voltages  if  they  are  used  in  conjunction  with  a  calibrated  receiver.  It 
is  helpful  to  record,  along  with  the  values  read  on  the  meter,  a  qualitative  descrip¬ 
tion  of  the  interfering  signal  obtained  by  monitoring  by  ear  or  eye  with  headphones 
and/or  an  oscilloscope. 

The  ideja.1  meter  for  making  interference  tests  should  be  capable  of  admitting 
signals  at  a  very  low  energy  level,  amplify  them  with  high  fidelity  and  by  known  a- 
msunts,  and  present  them  to  a  calibrated  output  meter  for  measurement.  Because 
of  the  selectivity  and  stability  of  the  superheterodyne  receiver  circuit,  it  has  been 
used  largely  as  the  foundation  for  all  radio-^ frequency  meters  of  recent  design. 
Attempts  to  modify  regular  service  receivers  to  make  them  function  as  interference 
meters  have  met  with  only  partial  success  because  of  inherent  limitations.  The 
functions  of  the  essential  parts  of  typical  interference  meters  are  shown  in  the  block 
diagram  of  Figure  Z.Z,l. 


Fig,  2.2,  1  Block  Diagram  of  a  Typical  Radio  Interference  Meter 

In  the  following  paragraphs,  each  stage  is  briefly  discussed  with  respect  to 
its  function  in  a  radio- interference  measuring  set.  Special  emphasis  is  given  to 
the  features  which  distinguish  a  radio- interference  measuring  set  from  an  ordinary 
receiver:  the  calibrating  device  (see  Paragraph  2.  2.  1.  4),  the  detector  with  its 
weighting  circuits  (see  Paragraph  2.2.  1.7),  and  other  output  indicating  devices  (see 
Paragraph  2.  2.  1.  9). 
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2.  2.  1.  1  PICKUP  DEVICES 

The  pickup  devices  used  for  radio-interference  measurements  are  either  a 
two-terminal  probe,  which  is  used  for  making  measurements  of  conducted  interfer¬ 
ence,  or  an  antenna,  which  is  used  for  making  measurements  of  radiated  interfer¬ 
ence  in  the  sense  of  the  interpretation  of  MIL-i-6l81  (see  Paragraph  2. 1.  2.2). 

For  any  kind  of  pickup  device,  the  first  question  to  be  asked  is  whether  it  is 
desired  to  obtain  the  maximum  indication  of  the  oi  tput  meter,  or  whether  the  most 
important  consideration  is  to  keep  the  measured  circuit  undisturbed.  In  the  first 
case,  the  nickuo  device  should  be  designed  for  an  impedance  match  so  that  maxi¬ 
mum  power  transfer  may  take  place.  In  the  second  case  the  input  impedance  of  the 
pickup  device  should  be  as  high  as  possible.  Since  radio-interference  measuring 
sets  should  give  indications  of  the  worst  possible  conditions,  the  pickup  devices  are 
usually  designed  for  a  good  impedance  match.  The  measurement  of  conducted  inter¬ 
ference  is  achieved  by  means  of  the  impedance  stabilizing  network  specified  in  pro¬ 
posed  JAN- 1- 225  and  MIL- 1- 169 10  the  main  purpose  of  which  is  standardization, 
and  minor  mismatches  are  of  little  consequence.  For  the  measurement  of  radiated 
interference,  the  antenna  may  be  thought  of  as  a  device  that  matches  the  input  im- 
pedauice  of  the  meter  to  the  impedance  of  the  wave  that  is  being  picked- up.  If  the 
antenna  is  placed  close  to  the  source,  which  is  the  condition  usually  found  in  radio- 
interference  work>  then  the  difference  between  the  conditions  of  maximum  power 
transfer  and  minimtun  effect  on  the  source  still  exists.  But  If  the  antenna  is  placed 
far  away  from  the  source  (t.  e,  in  the  true  radiation  field  as  defined  in  Paragraph 
1,  6, 4),  then  the  difference  disappears  since  the  antenna  will  not  react  back  on  the 
source  regardless  of  its  impedance. 

The  two  most  common  antennas  used  for  the  measurement  of  radiated  inter¬ 
ference  are  the  rod  and  the  loop  antennas.  The  rod  antenna  has  an  impedance  of 
the  same  order  of  magnitude  as  the  impedance  of  free  space  to  plane  waves  (which 
is  377  ohms)  or  higher.  It  is  therefore  suitable  for  plane  waves  and  for  high  impe- 
d«mce  fields  found  in  the  vicinity  of  some  sources  which  produce  comparatively  large 
electric  and  small  magnetic  fields.  Loop  antennas  have  very  low  impedances  and  are 
therefore  suitable  for  lorw  impedance  fields  such  may  be  fo^md  in  the  vicinity  of 
some  sources  which  produce  comparatively  small  electric  and  large  magnetic  fields. 
The  impedance  of  a  loop  antenna  may  be  decreased  still  further  by  surrounding  the 
loop  with  an  electrostatic  shield,  broken  in  the  middle,  which  decreases  the  sensi¬ 
tivity  for  high  impedance  fields.  This  fe-^ture  is  sometimes  valuable  when  a  high 
impedance  and  a  low  impedance  field  are  .  sent  simultaneously  and  the  antenna  is 
to  discriminate  against  the  first.  It  is  obvious  that  in  a  field  whose  nature  is  un¬ 
known,  measurements  must  be  made  both  v/itharod  and  with  a  loop  antenna  in  order 
to  determine  the  worst  possible  conditions.. 

Loop  antennas  have  the  property  of  being  strongly  directional.  The  received 
signal  is  a  maximum  if  the  source  lies  in  thq  plane  of  the  loop  and  o  minimum  if  the 
plane  of  the  loop  is  perpendicular  to  the  line  from  the  antenna  to  the  source.  This 
property  is  of  great  value  in  locating  an  unknown  souice.  Special  loop  antennas 
with  comparatively  high  impedances  are  available  so  that  their  directional  effects 
may  be  utilized  also  for  high  impedcince  fields. 


With  most  radio- interference  measuring  sets,  regulation  equipment  consists 
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of  two  vertical  rod.  antennas  and  several  loop  smtennas  of  different  sizes.  The  rod 
antennas  have  effective  electrical  heights  of  one-half  and  one  meter,  respectively. 
They  are  built  in  three  or  four  sections  which  telescope  to  save  space  in  packing, 
and  have  adapter -connectors  at  the  base  for  attachment  to  the  meter  input.  The 
telescoping  rods  may  be  conveniently  calibrated  for  lengths  corresponding  to  diffe¬ 
rent  input  frequencies.  Connectors  are  provided  for  attaching  horizontal  wire  an¬ 
tennas  and  for  coupling  with  impedance-matching  networks.  The  loop  antennas  may 
be  round  or  rectangular  and  vary  in  size  from  one-half  inch  to  30  inch  diameter  or 
more.  The  larger  loop  antennas  can  be  mounted  on  tripods  so  that  they  can  be  ro¬ 
tated  in  any  direction.  Shielded  cables  are  provided  to  connect  these  antennas  to  the 
meter. 

2.  2.  1.  2  IMPEDANCE-MATCHING  NETWORKS 

Because  of  the  necessity  for  matching  impedances  explained  above,  networks 
must  be  provided  to  match  the  various  types  of  antennas  and  probes  to  the  input  of 
the  meter.  Ih  addition,  for  the  measurement  of  signals  of  high  energy,  an  attenua¬ 
tor  must  be  provided  in  order  to  avoid  overloading  of  the  final  circuits.  The  func¬ 
tions  of  impedance -matching  and  attenuation  may  be  conveniently  combined  in  the 
same  network.  The  impedance -matching  network  must  be  suitable  f  or  all  antennas 
provided  with  the  meter,  and  should  include  provision  for  a  50  ohm  connection  for 
calibration  purposes.  The  attenuation  ratios  normally  provided  are  1:1,10:1,  100:1, 
1000:1,  and  10,  000:1,  Instead  of  providing  the  attenuation  before  the  first  radio-fre¬ 
quency  stage  by  placing  the  attenuator  in  the  impedance -matching  network,  a  sepa¬ 
rate  attenuator  is  sometimes  placed  before  the  mixer  stage, 

2.  2.  1,  3  RADIO- FREQUENCy  AMPLIFIER  STAGE 

As  in  all  superheterodyne  receivers,  the  radio-frequency  stage  consists  of  a 
highly  selective  amplifier  with  a  good  gain  ratio.  When  an  instrument  is  designed 
to  cover  a  wide  range  of  frequencies,  for  example,  38  me  to  1000  me  in  3  to  5  bands,, 
the  tuning  condensers  must  be  provided  with  proper  band  switches  which  allow  a  min- 
imtim  overlap  of  5%  between  bands,  A  2%  accuracy  on  frequency  indicated  requires 
high-grade  parts  and  careful  calibration. 

While  commercial  practice  in  the  design  of  broadcast  receivers  employs  one 
multipurpose  tube  as  RF  amplifier  and  local  oscillator,  the  rigid  requirements  of 
measuring  instruments  requires  better  performance  obtained  by  using  a  separate 
tube  in  the  local  oscillator  position.  One  of  the  advantage s  is  a  greater  IF  rejection 
ratio  and  a  higher  image  rejection  ratio,  both  of  which  are  of  the  order  of  60  db. 

The  major  difference  between  the  radio- frequency  stage  of  a  normal  receiver 
for  amplitude  modulated  signals  and  that  of  a  radio-interference  meter  lies  in  the 
effective  bandwidth  of  that  stage.  For  the  reception  of  radio  signals  amplitude  modu¬ 
lated  with  audio  signals,  a  bandwidth  of  from  10  to  20  kc  is  adequate  at  all  frequen¬ 
cies.  Fora  radio-frequency  meter,  there  are  two  requirements:  Firstly,  the  band¬ 
width  should  not  exceed  a  certain  fraction  of  the  operating  frequency  in  order  to  allow 
the  determination  of  that  frequency  with  fair  accuracy.  And,  secondly,  the  band¬ 
width  should  be  large  enough  to  allow  interference  pulses  of  short  duration  to  pass 
through  the  stage  without  appreciable  lengthening  and  peak  depression.  These  re¬ 
quirements  mean  that,  at  the  higher  frequencies,  the  bandwidth  must  be  considerably 
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larger  than  20  kc.  Specification  MIL-I-169J0  requires  meters  to  ha<7e  an  effec¬ 
tive  bandwidth  (defined  as  the  frequency  span  between  half-power  points,  or  between 
points  6  decibels  down  from  maximum  response)  of  100  kc  for  the  frequency  range 
from  20  to  1000  me,  and  in  addition  an  adjustment  fora  bandwidth  of  one  megacycle 
lor  the  frequency  range  from  2G0  to  1000  me.  However,  it  is  more  important  for 
making  accurate  measurements  that  the  bandwidth  is  accurately  known  than  it  has  a 
specific  predetermined  value.  Therefore  charts  giving  the  exact  bandwidth  as  a 
function  of  frequency  should  be  supplied  with  each  meter. 

2*  2.  1.  4  GALIBRATCR 


Calibration  of  a  radio-interfereniae : 


with  an  external  signal  generator  or  with  a  built-in  internal  source.  The  source, 
whether  external  or  internal,  may  be  either  a  generator  of  sinusoidal  signals  or  a 
source  of  random  noise.  Any  set  may  be  calibrated  by  means  of  an  external  source 
of  either  kind  provided  the  proper  connectors  are  available  for  the  proper  impedance 
match  and  provided  the  external  source  furnishes  a  signal  of  known  magnitude  and 
character.  This  type  of  calibration  requires  no  further  discussion. 


'  Whether  the  calibration  is  to  be  made  with  a  sinusoidal  signal  or  with  a  ran¬ 
dom  signal  depends  on  the  type  of  interference  to  be  measured.  For  accurate  re¬ 
sults,  the  signal  produced  by  the  calibrating  source  should  resemble  the  interfer¬ 
ing. signals  as  closely  as  possible.  When  this  is  not  possible,  a  certain  inaccuracy 
is  necessarily  introduced.  When  a  meter  has  an  internal  calibrator,  considerations 
of  space,  weight,  and  simplicity  demand  that  one  er  the  other  type  be  chosen.  About 
as  many  sets  use  random  interference  sources  as  use  sinusoidal  ones.  When  a  sinu¬ 
soidal  oscillator  is  used,  it  may  either  be  tunable  so  that  calibration  can  be  made  at 
the  test  frequency  (this  is  preferable),  or  it  may  have  a  fixed  frequency,  usually 
near  the  middle  of  the  range  of  tb®  meter.  A  random- interference  source  need  not 
be  tuned  since  a  single  source  is  usually  sufficient  to  cover  the  entire  range  of  the 
set. 


Calibration  is  accomplished  by  applying  the  known  output  voltage  of  the  cali¬ 
brator  to  the  input  terminals  of  the  test  set,  and  then  adjusting  the  gain  of  the  set 
until  the  correct  output  indication  is  obtained.  A  convenient  source  of  random  vol¬ 
tage  is  found  in  the  thermal  agitation  currents  in  the  first  tuned  circuit  of  the  test 
set.  This  voltage  has  many  characteristics  that  are  desirable  in  a  calibration  source 
and  it  has  been  use<i  as  such  in  some  instances.  One  important  advantage  of  this 
source  is  that  it  covers  the  entire  radio  frequency  spectrum  almost  uniformly  and 
thus  requires  no  tuning.  Another  advantage  is  that  the  magnitude  of  the  voltage  gen¬ 
erated  depends  only  upon  such  relatively  constant  quantities  as  the  impedance,  band¬ 
width,  and  temperature  so  that  it  does  not  need  to  be  measured.  Furthermore,  its 
use  involves  no  extra  tubes,  parts,  or  circuit  complications.  Unfortunately,  the 
magnitude  of  the  voltages  obtainable  in  this  way  is  too  low  for  real  usefulness  as  a 
calibrator. 

A  more  efficient  source  of  random  voltages  for  calibration  purposes  is  the  so- 
called  "shot  noise"  arising  in  the  plate  circuit  of  a  vacuum  tube.  Shot  noise  is  a  re¬ 
sult  of  random  variation  in  the  number  of  electrons  emitted  from  the  filament  of  a 
thermionic  tube.  Like  thermal  agitation,  shot  noise  is  uniformly  distributed  over 
the  entire  radio- frequency  spectrum,  and  since  its  magnitude  can  be  much  greater 
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than  that  of  thermal  agitation,  it  is  a  much  more  useful  calibrating  source.  Vacuum 
diodes  are  used  most  frequently  for  this  purpose,  but  gas  diodes,  suchasneon  tubes, 
may  also  be  used,  particularly  at  the  lower  frequency  ranges. 

When  the  shot  noise  in  a  diode  is  used,  the  space  charge  in  the  tube  must  be 
eliminated.  Space  charge  acts  as  a  buffer,  smoothing  out  to  some  extent  the  fluc¬ 
tuations  which  generate  the  shot  noise.  Since  it  is  desirable  to  have  the  fluctuations'^ 
as  strong  as  possible,  space  charge  is  detrimental  in  this  application.  It  can  be 
eliminated  by  lowering  the  filament  temperature  and  at  the  same  time  keeping  the 
plate  voltage  at  a  high  value,  .so  that  all  electrons  emitted  are  immediately  attracted 
by  the  plate  and  the  plate  current  is  limited  only  by  the  number  of  electrons  emit¬ 
ted  by  the  cathode.  The  operation  of  tlie  tube  is  then  said  to  be  •'temperature  limi¬ 
ted**,  Under  these  conditions,  there  is  a  simple  and  definite  relationship  between 
the  shot  noise  voltage  generated  and  the  direct  plate  current,  which  can  be  read  con¬ 
veniently  on  a  direct-current  milliammeter.  This  type  of  calibrator  is  used  most 
frequently  for  random- interference  calibration.  It  is  simple,  inexpensive,  reliable, 
and  convenient  to  use,  and  it  has  proved  to  be  capable  of  sufficient  accuracy  for 
most  measurement  work. 

Calibration  by  means  of  an  external  standard  signal  generator,  while  capable 
of  greater  accuracy,  requires  more  equipment  and  is  not  as  convenient  so  that  its 
Usefulness  lies  in  those  cases  where  the  greatest  possible  accuracy  is  required. 
The  output  of  the  shot-noise  diode  is  not  inherently  any  less  definite  or  stable  than 
that  of  a  signal  generator,  but  there  are  some  differences  in  the  manner  of  utiliza¬ 
tion  which  account  for  the  greater  accuracy  of  the  signal  generator  in  practice. 
These  differences  are  the  following; 

(a)  When  the  signal  generator  is  used  with  a  dummy  antenna  of  the  correct 
impedance  in  the  circuit,  any  variations  in  the  antenna  step-up  (or  step- 
down)  ratio  are  taKen  into  account.  When  an  internal  calibrator  is  used, 
a  dummy  antenna  is  not  usually  used  and  the  output  of  the  internal  source 
is  connected  directly  across  the  first  radio-frequency  stage.  The  antenna 
step-up  is  taken  care  of  in  the  calibration  curves;  variations  cannot  there¬ 
fore  be  compensated  for  in  the  calibration  process,  and  a  variation  in  the 
antenna  circuit  trimming  may  result  in  an  error  of  measurement, 

(h)  The  output  of  the  shot-noise  diode  is  of  the  order  pf  from  5  to  50  micro¬ 
volts.  Noise  contributions  of  the  test  receiver  itself  can  effect  the  re¬ 
sulting  output  considerably,  particularly  at  the  lower  frequencies  where 
circuit  impedance  s  are  lange.  The  superiority  of  the  external  signal  gen¬ 
erator  lies  in  the  fact  that  it  can  be  used  at  higher  voltage  levels,  and 
thus  the  inherent  receiver  noise  may  he  made  negligible  by  comparison. 

(c)  The  output  indication  produced  by  a  given  shot-noise  input  depends  on  the 
bandwidth  of  the  receiver,  so  that  changes  of  bandwidth  affect  the  calibra- 
ticn.  This  last  point  makes  the  sinusoidal  generator  more  advantageous 
only  when  sinusoidal  measurements  are  to  be  made.  For  measurements 
of  common  interference  signals,  the  advantage  is  actually  with  the  ran¬ 
dom-noise  calibrator  since  variations  in  the  bandwidth  affect  the  calibra¬ 
tion  and  the  actual  measurement  in  the  same  way.  Thus,  these  variations 
are  compensated  for  by  this  manner  of  calibration.  As  was  said  before. 
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greatest  accuracy  is  acMeved  when  the  calibrating  signal  is  most  nearly 
like  the  signal  to  be  measured. 

2.2. 1.  5  MIXER  AND  LOCAL  OSCILLATOR 

The  mixer  and  local  oscillator  stages  are  substantially  the  same  as  found  in 
any  good  superheterodyne  receiver.  Though  some  radio-interference  measuring 
sets  utilize  the  same  tube  both  asmixex  and  as  local  oscillator^  for  the  stable  opera¬ 
tion  amd  high-grade  performance  required,  separate  tubes  for  the  two  functions  are 
preferable.  This  procedure  also  decreases  oscillator  radiation  and  improves  the 
image  and  intermediate-frequency  rejection  ratio, 

2.2.  1.A  INTERMEDIATE-FREQUENCY  AMPLIFIER  STAGES 

Special  considerations  for  the  intermediate-frequency  aunplifler  stages  include 
the  large  bandwidth  and  the  wide  frequency  range  covered  by  some  radio- interfer¬ 
ence  measuring  sets.  Since  the  gain  of  a  single  stage  is  roughly  inversely  propor¬ 
tional  to  its  bandwidth,  the  number  of  intermediate-frequency  stages  must  be  larger 
than,  in  an  ordinary  receiver.  At  least  three,  and  in  some  cases  as  many  as  six, 
are  used  in  currently  available  instrxxments.  In  order  to  cover  a  very  wide  frequen¬ 
cy  range,  more  than  one  intermediate  frequency  may  have  to  be  used.  This  also 
has  the  advantage  that  no  "gap"  need  be  left  for  frequencies  near  the  intermediate 
frequency.  For  example,  a  meter  covering  the  range  from  150  kc  to  20  me  and 
using  an  intermediate  frequency  of  455  kc  cannot  coyer  the  range  from  about  400  to 
500  kc  because  these  frequencies  would  require  excessively  low  oscillator  frequen¬ 
cies.  If  the  same  meter  employs  two  intermediate  frequencies,  say  455  kc  for  the 
low  band  and  1600  kc  for  the  high  band,  then  special  provisions  c§n  be  made  to  allow 
utilization  of  the  second  intermediate  frequency  of  1600  kc  for  the  range  from  400 
to  500  kc,  and  thus  the  entire  range  may  be  covered. 


Commonly  used  intermediate  frequeneis  s  are  12.5  kc,  455  kc,  1600  kc,  12  me, 
30  me,  and  60  me. 

2.  2.  1. 7  DETECTOR  AND  WEIGHTING  CIRCUITS 

As  in  any  receiver,  the  detector  functions  as  a  rectifier  which  demodulates 
the  intermediate-frequency  signal  and  converts  it  into  a  pulsating,  unidirectional 
current.  However,  the  weighting  circuits  associated  with  the  detector  are  the  very 
heart  of  the  radios  interference  measuring  set.  They  determine  which  feature  of  the 
interference  shall  be  indicated  by  the  output  meter. 

The  basic  circuit  of  a  diode  detector  is  shown  in  Figure  2.  2, 1.  7- A.  The  para¬ 
llel  combination  of  R  and  C,  across  which  the  output  is  taken,  is  called  the  weight¬ 
ing  circuit.  When  the  signal  developed  in  the  intermediate-frequency  transformer 
makes  the  plate  of  the  diode  positive  with  respect  to  its  cathode,  a  current  will  flow 
charging  the  capacitor.  To  a  first  approximation,  the  presence  of  the  resistor  R 
may  be  neglected  during  this  charging  process,  and  the  voltage  appearing  on  the 
capacitor  is  mainly  determined  by  the  time  constant  of  the  series  circuit  formed  by 
the  plate  resistance  of  the  diode  and  the  capacitance  C.  When  the  polarity  of  the  vol¬ 
tage  reverses,  no  current  can  flow  through  the  tube,  and  the  capacitor  discharges 
through  the  resistance  R.  The  rate  of  discharge  now  depends  on  the  time  constant 
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of  the  loop  containing  C  and  R.  Thus,  by  proper  choice  of  R  and  C,  the  time  con¬ 
stants  for  charge  and  discharge  may  be  of  any  desired  value. 

if  both  the  charging  zujd  the  discharging  time  constants  are  made  comparatively 
long,  the  detector  circuit  is  unable  to  follow  any  fast  variations  of  the  input  voltage, 
such  as  may  be  caused  by  interference  pulses,  or  even  a  sinusoidal  audio  modula¬ 
tion.  It  will  produce  an  indication,  that  is  essentially  proportional  to  the  carrier 
strength.  When  this  kind  of  weighting  circuit  is  used,  the  output  indication  is  usu¬ 
ally  laheied  ^*Fieid  Intensity”, 

When  the  charging  time  constant  is  made  much  smaller  than  the  discharging 
time  constant,  say  one  millisecond  charge  and  ,600  milliseconds  discharge,  the  vol¬ 
tage  across  the  capacitor  reaches  a  value  near  the  peak  of  the  applied  voltage  and 
remains  at  or  near  this  value  as  long  as  the  peak  reoccurs  frequently  enough  to  pre¬ 
vent  the  voltage  from  decreasing.  When  the  signal  is  modulated  100  per  cent  at  an 
audio  frequency  of  500  cycles  per  seconder  higher,  this  circuit  will  produce  a  read¬ 
ing  almost  twice  as  high  as  the  "Field  Intensity"  circuit.  The  proper  name  for  a 
circuit  of  this  type  is  "Quasi-Peak",  meaning  "almost  like  peak",  but  several  cur¬ 
rent  instruments  label  this  position  "Radio  Noise",  or  even  "Peak",  The  reason 
for  the  term  ^'Radio  Noise"  is  that  in  practice  this  position  very  often  produces  a 
reading  that  is  approximately  indicative  of  the  nuisance  value  of  the  interference. 

It  is  practically  impossible  to  obtain  a  true  peak  reading  for  all  kinds  of  pul¬ 
ses  by  adjusting  the  parameters  of  the  weighting  circuits.  To  obtain  a  true  peak 
reading,  a  so  called  "slide- back"  circuit  Is  made  use  of.  This  consists  of  an  ad¬ 
justable  bias  the  detector  diode  as  shown  in  Figure  2. 2. 1.7-B.  This  circuit 
makes  the  plate  of  the  diode  negative  with  respect  to  the  cathode  when  no  signal  is 
applied.  Even  with  a  signal  applied,  no  current  can  flow,  and  therefore  no  output 
voltage  can  appear,  until  the  signal  produces  a  voltage  large  enough  to  overcome 
the  bias.  The  procedure  is  to  adjust  the  bias  manually  until  the  aural  output  indi¬ 
cation  just  disappears,  using  the  highest  possible  gain  of  the  output  stages.  At  this 
point  the  bias  is  just  equal  to  the  peak  value  of  the  applied  signal.  The  time  con¬ 
stants  for  this  case  are  usually  chosen  about  the  same  as  for  the  "Field  Intensity" 
position. 

IF  Trans - 


Fig.  2.2.  1,7“A  Basic 
Detector  Circuit 
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Fig.  2.2,  1.7-B  Detector 
with  Adjustable  Bias 
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It  should  be  emphasized  that  the  weighting  circuits  can  give  information  only 

.*  about  the  signal  as  it  is  presented  to  them.  Since  the  weighting  circuits  are  placed 

at  the  second  detector,  the  carrier  strength,  quasi-peak,  or  peak  voltage  indicated 
by  them  refer  to  the  signal  after  it  has  passed  the  radio-frequency  and  intermediate- 

*  frequency  amplifier  stages.  If  there  is  any  distortion,  pulse  lengthening,  or  peak 
depression  in  these  stages,  the  output  indication  does  not  give  correct  information 
about  the  input  signal  to  the  instrument. 

2. 2. 1.  8  AUDIO  AMPLIFIER  STAGES 

The  audio  signal,  passed  by  the  deteetor  and  blocking  condenser,  is  boosted 
by  one  or  two  stages  of  audio- frequency  amplification  which  terminate  in  a  telephone 

«  jack  through  impedances  matched  with  regulation  bOO  ohm  telephone  headsets.  For 

purposes  of  visual  study  of  the  signal,  terminals  for  the  connection  of  an  oscilloscope 
are  usually  provided.  These  may  come  directly  from  the  detector  or  from  the  out¬ 
put  of  the  first  audio  amplifier.  The  amplifier  within  the  oscilloscope  is  depended 
upon  for  obtaining  deflections  of  sufficient  amplitude  to  study  wave-form  character¬ 
istics  and  to  differentiate  between  audio- frequency  modulation  and  interference. 

2. 2. 1.  9  OUTPUT  INDICATING  DEVICES 

To  make  the  maximum  use  of  the  potentialities  of  a  radio- interference  meas¬ 
uring  instrument,  the  output  shotild  be  monitored  aurally  and  visually  as  well  as  by 
an  indicating  meter.  Provisions  should  therefore  be  made  for  connecting  headphones 
and  cathode-ray  oscilloscopes. 

The  output  meter  is  the  final  terminal  of  the  amplifiers  and  metering  circuits. 

m  It  usually  consists  of  a  DC  milUammeter,  Provisions  are  usually  made  for  a  jack 

into  which  an  outside  meter  can  he  plugged,  and  for  another  jack  to  accomodate  are- 
cording  meter.  Since  these  additional  meters  are  connected  in  series  with  the  one 
which  is  janJntegral  part  of  the  instrument,  the  jacks  contain  a  matching  impedance 

*  that  is  normally  in  series  but  is  shorted  out  when  replaced  by  that  of  the  external 
meter.  The  service  meter  may  also  be  provided  with  multipliers  for  checking  por¬ 
table  batteries  used  for  power- supply. 

•I  For  field  intensity  work  where  it  becomes  important  to  have  a  permanent  re- 

cord  of  the  interference  pattern  arotmd  a  specified  area,  or  a  record  of  the  results 
obtained  from  extensive  rework  of  troublesome  interference  sources,  a  recording 
meter  may  be  used.  The  Army-Navy  standard  type  Milliammeter- Recorder  has  a 

*  range  of  0-1  ma  and  a  resistance  of  1400  ohms  so  that  it  will  readily  fit  into  the  cir¬ 
cuits  already  described.  Its  use  is  limited,  however,  by  the  fact  that  the  recording 
paper  is  pulled  through  by  a  60  cycles,  115  volts,  synchronous  motor  and  can  be 
used  only  where  such  a  power  supply  is  available.  It  has  changeable  gears  to  pro- 

V  vide  for  different  speeds  of  recording. 

2.  2.  2  DE$CRIPTION  OF  INTERFERENCE  METERS 

^  Continued  effort  has  been  made  in  recent  years  to  develop,  for  military  ser- 

*  vices,  interference  meters  which  will  give  dependable  service  over  the  whole  list 
of  specifications  which  may  be  demanded  of  them.  Instruments  which  comply  in 
every  respect  to  the  specifications  which  have  been  drawn  to  govern  interference 
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RADIO  TEST  SET  AN/URM-6 


tests  are  classified  as  "Approved''.  Those  meters  which  are  generally  available 
and  meet  specifications  except  for  some  minor,  though  important,  details  are  classi- 
f'iijd  as  "Accepted",  The  Navy  spr  ^ ification  MIL-I"  16910  goes  into  considerable  de¬ 
tail  regarding  the  characteristic  of  ac*'eptable  instruments,  and  classifies  into 
four  principal  classes.  To  assist  the  reader,  the  class  to  which  each  of  the  Test 
Sets  described  below  is  noted.  Briefly,  Class  1  includes  those  meters  which  have 
been  designed  to  meet  the  standards  established  and  approved  by  the  Armed  Ser¬ 
vices.  Class  2  instruments  are  special  purpose  and  as  such  do  not  coniform  to  over¬ 
all  specifications.  Class  3  meters  have  not  y«±  been  finally  approved  by  the  Armed 
Services  and  Class  4  are  those  in  general  use,  but  do  not  meet  most  approved  stan¬ 
dards.  Instrxmients  which  arc  in  the  development  stages  but  not  yet  ready  for  pro¬ 
duction  are  called  "Experimental".  The  Frei^uescy  Range  and  Status  of  feterference 
"Measuring  Equipments"  as  of  May  1951  are  shown  in  Figure  2.2.2.  More  com¬ 
plete  data  sheets  with  photographs  of  Interference  Test  Sets  are  given  in  Appendix 

xm. 

3.  2.  2. 1  RADIO  TEST  SET  AN/URM-6 


This  meter  has  been  approved  for  general  use  by  the  U,  S,  Air  Force,  It  was 
developed  under  Navy  cognisance  and  covers  a  frequency  range  from  14  to  250  kilo¬ 
cycles.  It  has  attenuator  settings  corresponding  to  0,  20,  40,  50,  60,  andSO  db.  The 
calibrator  circuit  consists  of  a  neon  bulb  and  an  amplifier  tube  together  with  the  nec¬ 
essary  tuned  circuits.  The  local  oscillator  is  separate  from  the  mixer,  and  a  very 
stable  beat*frequcncy  oscillator  is  connected  into  the  grid  of  the  third  IF  tube.  The 
BFO  is  used  for  identification  of  signals  only  and  must  be  off  while  tuning  for  maxi¬ 
mum  meter  readings.  Scale  readings  are  approximately  logarithmic.  The  power 
input  goes  through  an  isolation  transformer  with  filters  to  keep  extraneous  power- 
line  noises  out  of  the  instriunent.  It  is  designed  to  operate  from  an  AC  power  source 
of  105-125  volts,  or  210-250  volts,  and  on  frequencies  from  50  to  1600  cycles  per 
second.  The  set  is  designated  as  Class  1  in  MIL- 1-16910, 

2.  2,  2, 2  FERRIS  MODEL  64  AB 

The  Ferris  Model  64  AB  Noise  Meter  and  Field  Strength  Meter  is  a  contem¬ 
plated  commercial  instrument  with  a  frequency  range  of  15  kc  to  2000  kc.  It  is  a 
later  model  of  Ferris  Models  32A  and  32B  described  in  Section  2,  2,  2.  4,  Details  of 
construction  are  not  available.  This  set  is  designated  as  Class  3  in  M1L-I-I6910, 

2.  2,  2.  3  FERRIS  MODEL  64  BC 

Ferris  Model  64  BC  is  essentially  identical  with  Model  64  AB  except  that  the 
frequency  range  is  from  150  kc  to  25  me.  This  set  is  designated  as  Class  3  in  MIL- 
1-16910, 


2,  2,  2.  4  FERRIS  MODELS  32A  AND  32B 

Ferris  Models  32Aand  B  Radio  Noise  and  Field  Strength  Meters  are  essentially 
similar  commercial  instruments  and  are  classified  as  "Accepted"  by  the  Air  Force. 
The  range  from  150  kc  to  20  me  is  covered  in  five  bands,  150  kc-350  kc;  550  kc- 
1550  kc;  1550  kc  -4.0  me;  4,  0  me- 10  me,  and  10  mc-20  me.  A  gap  is  left  between 
350  kc  and  550  kc  for  the  intermediate  carrier  frequency  of  455  kc.  The  circuits 
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are  designed  for  compactness  and  simplicity  of  operation.  A  single  RF  stage  feeds 
intoa  combined  mixer  and  oscillator  tube.  Two  IF  stages  precede  the  detector  tube. 
A  diode  noise  oscillator  is  provide-d  for  calibration  and  a  more  accurate  auxiliary 
External  Calibrator  is  also  available,  A  logarithmic  scale  on  the  output  meter  is 
obtained  by  feeding  the  RF  component  of  the  detector  tube  back  through  the  control 
grids  of  the  two  IF  amplifier  stages  as  is  done  in  conventional  ACC  circuits.  While 
this  noise  meter  was  designed  for  portability  with  dry  cell  batteries,  it  is  also  pro¬ 
vided  with  a  separate  vibrator  power  pack  for  b-volt  storage  batter  y  service  and  an 
AC  power  pack  for  115  volts,  60  cycles  supply.  This  set  is  designated  as  Class  4 
in  MIE-  I- 16910. 

2.  2. 2.  5  RADIO  TEST  SET  AN/PRM-  1 

Made  to  Navy  specifications  in  1949,  this  meter  is  on  the  Air  Force  4.pproved 
list.  It  covers  the  range  from  150  kilocycles  to  25  megacycles  in  seven  bands: 
150  kc-320  kc;  320  kc-750  kc;  750  kc-1750  kc;  1.  75  mc-3.  8  me;  3.8  mc-8  me;  8  mc- 
15  me;  IS  mc-25  me.  Intermediate  frequencies  of  455  kc  are  used  in  bands  1,  3, 
and  4,  and  1600  kc  in  the  other  four  bands.  Attenuator  settings  of  XIO,  .XIO^,  XIO^, 
and  XIO^  are  built  into  the  RF  and  IF  amplifiers.  The  indicating  meter  has  a  two- 
decade  logarithmic  scale  of  1  to  100  microvolts  and  an  approximately  linear  scale 
which  runs  from  0-40  db.  The  calibration  frequency  is  fed  into  the  first  RF  ampli¬ 
fier.  The  mixer  consists  of  two  tuned  stages,  the  mixer  and  the  amplifier,  and  the 
local  oscillator.  Pour  IF  aitnplifier  stages  and  two  stages  of  AF  amplification  are 
used.  A  balanced  bridge  circuit  with  two  pentodes  forms  the  VTVM  circuit,  the  un¬ 
balance  being  created  by  potentials  from  the  receiver  and  AQC  outputs.  The  power 
requirements  for  this  meter  are  1, 1  volts  at  ,86  amperes  for  the  "A''  battery  and 
75  volts,  30  milliaznperes  for  the  battery,  all  of  which  can  be  provided  by  means 
of  regulation  type  dry  cells.  The  meter  is  also  equipped  for  obtaining  power  from 
115  or  230  volts  AC,  50  to  1600  cycles  per  second.  For  115  volts,  60  cycles  power 
supply,  constant"  voltage  is  maintained  through  a  regulating  transformer  with  two 
secondaries.  One  has  high  leakage -reactance;  and  the  other,  shunted  by  a  conden¬ 
ser,  is  a  resonant  loop.  The  1. 1  volt  filament  supply  is  obtained  through  a  step- 
down  transformer  and  a  bridge- connected  selenium  rectifier  with  filter.  The  75  volt 
plate  potential  comes  directly  from  the  secondary  of  the  regulating  transformer, 
before  rectification.  The  rectifier  is  a  selenium  bridge  and  close  regulation  is  ob¬ 
tained  by  means  of  an  OA-3/VR  75  tube.  For  frequencies  other  than  60  cycles  per 
second  where  the  resonant  loop  cannot  be  used  without  modification,  a  thermo-regu¬ 
lator  tube  serves  as  a  voltage  regulator.  An  autotransformer  makes  provision  for 
power -supplies  of  230  volts.  This  set  is  designated  as  Class  1  in  16910. 

2.  2.  2.  6  RADIO  INTERFERENCE  TEST  SET  AN/URM-3 

Radio  Interference  Measuring  Set  AN/URM-3,  covering  the  frequency  ranges 
of  0.15  to  0,4  me,  and  1.6  to  40  me,  was  designed  and  developed  by  the  Signal  Corps 
Engineering  Labor atorie  s  primarily  for  the  measurement  of  "broadband"  interference 
and  represents  a  new  concept  in  the  measurement  of  broadband  interference.  It  is 
approved  and  in  use  by  the  Army  for  interference  measurements.  The  equipment 
consists  basically  of  a  superheterodyne  receiver  and  a  calibrated  impulse  noise  gen¬ 
erator  generating  pulses  exhibiting  a  stable  and  uniform  spectrum  up  to  40  me,  the 
peak  value  of  which  is  adjustable  to  known  values. 
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MEASUREMENTS  MODEL  58 


Interference  measurements  are  made  in  terms  of  the  output  of  the  calibrated 
impulse  noise  generator  by  aural  comparison  at  threshold  level  with  the  "unknown” 
interference.  This  method  provides  an  accurate  measurement  of  the  peak  value  of 
the  impulse  interference  in  terms  of  microvolts  per  unit  bandwidth  and  is  indepen¬ 
dent  of  the  gain  and  bandwidth  of  the  measurement  receiver.  The  method  of  inject¬ 
ing  the  output  of  the  calibrated  impulse  generator  into  the  receiver  input  is  such 
that  interference  measurement  is  independent  of  antenna  impedance. 

A  nine-foot  rod  antenna  is  provided  for  radiation  measurements  for  increased 
sensitivity.  It  is  not  calibrated  for  effective  height  because  of  the  manner  in  which 
it  is  used  for  interference  measurements  (in  close  proximity  to  the  equipment  being 
tested  and  in  a  non-uniform  field  over  its  length).  In  measurements  under  these 
conditions  such  a  calibration  including  the  term  "per  meter"  would  be  invalid. 

Accessories  include  magnetic  and  electric  field  probes  for  exploration  pur¬ 
poses,  and  matching  and  coupling  networks  for  use  of  the  test  set  as  a  two-terminal 
RF  microvoltmeter.  Plug-in  power  supplies  3(.re  provided  for  115  volt  AC  and  12 
and  24  volt  DC  operation.  This  set  is  designated  as  Class  2  in  MIL-Z-1691D. 

2.  2.  2.  7  MEASUREMENTS.  MODEL  58 

The  meter  designated  Measurements  Model  58  is  produced  by  the  Measure¬ 
ments  Corporation  of  Boonton,  New  Jersey.  It  is  one  of  the  earlier  models  and  has 
been  in  regular  production  with  some  improvements  since  1946,  It  is  officially  clas¬ 
sified  as  "Accepted".  .The  frequency  range  of  Model  58  is  from  15  me  to  150  me  in 
five  bands:  15  mc-24mc:  24  mc-39  me;  38  mc»62mc:  60  mc-100  me;  98  me- 150  me. 
Four  decade  steps  of  attenuation,  XI,  XIO,  X103,  and  XIO^,  are  inserted  between 
the  antenna  input  and  the  first  RF  stage.  It  will  respond  to  a  wide  variety  of  signals 
including  AM,  FM,  pulse  modulated,  and  continuous  wave.  It  can  also  measure  TV 
carriers  at  the  blanking  level.  It  makes  use  of  one  RF  stage  and  three  IF  stages 
with  an  intermediate  frequency  of  12  me.  A  separate  tube  is  employed  as  a  local 
oscillator  and  another  as  a  shot- noise  diode.  The  output  of  the  detector  tube  excites 
the  grid  of  an  amplifier  tube  which  is  in  one  arm  of  a  bridge  circuit.  The  indicating 
microvolt  meter  serves  as  a  balance  indicator  across  the  bridge  arms  with  readings 
that  are  semi-logarithmic.  An  audio- frequency  stage  is  provided  beyond  the  detec¬ 
tor  and  suitable  jacks  are  provided  for  connecting  an  oscillograph,  or  a  recording 
milliarnmeter.  The  power  supply  follows  conventional  lines.  There  is  no  voltage 
regulation  in  the  input  of  the  115  volt  transformers  for  60  cycle  operation  but  the 
rectified  output  is  fully  regulated.  When  the  primary  power  source  is  a  6  volt  bat¬ 
tery  at  12  amperes  a  vibrator  and  step-up  transformer  provide  the  required  US  volts 
AG.  This  set  is  designated  as  Class  4  in  MIL-I- 16910. 

2.  2.  2.  8  NOISE-FIELD  INTENSITY  METER  TS-587/U  AND  TS-587A/U 

Noise-Field  Intensity  Meter  TS-587/U  or  TS-587A/U  is  alsolisted  as  NMA-5. 
It  is  acceptable  only  until  a  replacement  is  available.  This  meter  operates  from 
15  me  to  400  mein  four  bands.  There  are  three  low  frequency  bands:  15  me- 31  me; 
29  mc-64  me;  60  me- 125  me  and  one  high  frequency  band:  100  mc-400  me.  The  in¬ 
termediate  frequency  employed  for  the  three  lower  ranges  is  12  me  and  30  me  is 
used  for  the  upper  band.  Its  constru.ction  is  unique  in  that  the  IF  amplifiers  for  the 
two  intermediate  frequencies  are  completely  independent  of  each  other  as  to  tube 
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complements  and  transformers.  This  improves  the  tuning,  selectivity,  and  stabil¬ 
ity  of  the  circuits  but  adds  to  the  weight  and  complexity  of  the  instrument  by  requir¬ 
ing  more  tubes  and  parts.  The  attenuator  has  values  of  XI,  XIO,  XIO^,  XIO^,  When 
set  at  XT  the  output  meter  has  a  I'ange  of  0-,l00  microvolts.  A  decibel  scale  is  also 
provided,  .Another  feature  of  the  TS-587/U  meter  which  adds  to  stability  is  the  use 
of  a  grounded-grid  push-pull  amplifier  in  the  100-400  me  B.F  stage.  This  instru¬ 
ment  employs  four  stages  of  IF  amplification  in  each  channel  and  two  AF  stages  be¬ 
yond  the  detector.  The  metering  circuit  for  the  VTVM  contains  two  amplifier  tubes 
m  a  balanced  circuit  with  the  indicating  meter  connected  between  the  plates.  The 
control  grid  of  one  tube  is  connected  to  ground,  unbalance  being  produced  by  the 
output  of  the  detector  fed  into  tjie  grid  of  the  other  tube.  The  60  cycle,  115  volt 
power  input  contains  a  line  filter  but  has  no  voltage  regulation  in  the  input.  The 
rectifier  and  filter  for  +B  supply  is  conventional  with  electronic  voltage  regulation 
added.  A  separate  rectifier,  through  an  RC  network,  provides  45  volts  DC  for  the 
plates  of  the  balanced  tubes  in  the  metering  circuit.  This  set  is  designated  as  Class 

4  in  M|3u-I-1A910. 

2.  2,  2,  9  RADIO  WERFEREflCE  MEASURING  SET  AN/URM-7 

Radio  Interference  Measuring  Set  AN/URM-7  is  a  radio  interference  apd  field 
intensity  meter  developed  by  the  Signal  Corps  as  an  engineering  instrument  prirparily 
for  the  measurement  of  broadband  interference,  although  incorporating  factltties  for 
CW  interfj^rence  and  field  intensity  measurements.  Inasinpqh  as  broadband  inter¬ 
ference  has  spectrum  properties,  the  Radio  Interference  Measuring  Set  is  designed 
to  measure  the  peak  value  of  such  interference  in  terms  of  microvolts  per  megacy¬ 
cle  bandwidth  over  the  range  20  to  400  megacycles.  To  accomplish  this  type  of  ufieas- 
urement,  the  instrument  incorporates  a  noise  reference  standard,  the  output  of  which 
is  calibrated  in  terms  of  microvolts  per  unit  bandwidth. 

The  noise  reference  standard  is  an  impulse  generator  wh'ch  generates  im¬ 
pulses  of  the  order  of  5  x  10“10  seconds  in  duration  and  as  a  re  spit  these  impulses 
exhibit  uniform  stable  spectra  out  to  at  least  400  m®g?^cycles  which  is  the  highest 
frequency  to  which  the  Test  Set  can  be  tuned.  The  impulse  generator  outppt  is  in¬ 
jected  into  the  input  circuit  of  the  tuner  portion  of  the  Test  Set  in  such  a  manner  as 
to  permit  measurement  o|  open- circuited  anfenna  terminal  voltage  on  a  per  mega¬ 
cycles  basis. 

The  tuner  portion  of  the  Test  Set  utilizes  a  superheterodyne  circuit.  The  fre¬ 
quency  range  20  to  400 megacycles  is  covered  byme«msof  two  plug-in  type  RF  heads, 
the  first  of  which  times  from  20  to  200  me  in  two  bands  and  incorporates  a  10.7  mega¬ 
cycles  IF  strip,  and  the  second  head  tunes  continuously  from  200  to  4Q0  megaic.ycles 
and  incorporates  a  30  megacycle  IF  strip.  The  visual  output  indicator  is  a,  peak- 
reading  vacuum  tube  voltmeter  with  a  logarithmic  scale  calibrated  in  microvolts  eind 
a  linear  decibel  scale  calibrated  in  terms  of  decibels  above  one  microvolt  per 
megacycle.  The  logarithmic  scale  characteristic  is  achieved  through  tapered  pole- 
pieces  in  the  indicating  movement,  which  eliminates  the  necessity  of  using  auto¬ 
matic  gain  control  with  its  inherent  undesirable  effects  on  noise  measurement.  The 
VTVM  time  constants  are  such  as  to  permit  peak  measurement,  within  10  percent, 
at  repetition  rates  down  to  ten  pulses  per  second.  The  Test  Set  can  be  operated  di¬ 
rectly  from  IIQ  volt  AC  power  and  is  equipped  with  a  converter  unit  to  permit  24 
volt  DC  operation. 
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The  Test  Set  is  to  be  equipped  with  two  antennas,  a  dipole  type  which  can  be 
resonated  each  test  frequency,  and  a  broadband  antenna  which  requires  less  fre¬ 
quent  adjustment.  The  dipole  antenna  is  used  for  field  intensity  measuring  appli¬ 
cations  where  H^he  effective  height  must  be  known.  The  broadband  antenna  is  used 
in  suppression  test  applications  where  the  antenna  must  be  placed  close  to  the  source 
of  interference,  e.g*,  testing  an  autc?,motive  vehicle  fpr  interference  emanation.  The 
Test  Set  is  equipped  with  probes  for  conducting  exploratory  interference  tests  and 
coupljng- networks  to  permit  use  of  the  instrument  af  a  tvs^o-terminal  noise  micro- 
voltmeier,  This  sct  I*  designated  as  Class  2  in  Mlh-I- id91i). 


2.  2.  2.  If)  RECEIVING  EQUIPMENT  AN/URM-28 

,  Receiving  Equipment  AN/URM-'Z^  is  also  listed  as  AN/ APR-4,  It  is 
to  measure  frequency,  modulation^  and  signal  ftrength  of  radio  and  radar  r*; 
wifhip  the  range  of  38  to  1000  me. 


Since  this  instrument  was  constructed  in  1944  as  a  high  fr/jti^uensy  receiver 
rathfr  than  as  a  noise  meter i  it  does  not  haye  a  noise  calibrator  nor  does  it  have 
the  weighting  circuits  now  commonly  used  for  psak  and  quasi- pe St!’',  msasurements. 
It  has  a  complete  set  of  antennas  for  the  various  frequencies  in  its  rrnge  and  is  well 
adapted  to  field  intensity  measurements.  Within  these  Umitations  it  is  classified 
MAcceptedii  hy  the  U,  8,  Air  Force,  Three  tuning  units,  quickly  interchangeable, 
cover  the  frequency  ranges  as  follows; 

TN-16/APR-4  38  mo-  94  me 

TN-l7/AP*i-^  74  mp-  380  me 

TN-18/APR-4  3QQmc-l000  mc 

A  heat-frequency  oscillator  provides  a  1000  cycles  tone  through  the  IF  stages.  Two 
stages  of  video  amplification  terminate  in  connections  for  the  attachment  of  radar- 
scope  equipment.  The  power  input  transformer  has  windings  for  80  volts  and  for 
III  volts  and  is  compensated  for  frequencies  from  80  to  8800  cycles.  Instead  of 
the  conventional  hand  switches,  tuning  across  the  frequency  range  is  accomplished 
hy  means  of  an  nAutosweep- Manual  Rwitch"  which  becomes  ”Auto  Sweep”  whe®  a 
motor-driven  mechanism  is  turned  on.  The  intermediate  frequency  is  30  me  th:<.’ough 
five  IF  stages.  In  smne  models  a  crystal  detector  iquaed  in  place  of  a  triode  in  the 
mixer  position,  while  the  local  oscillator  is  separate.  This  set  is  designated  as 
Class  4  hy  Mlh- 1- 1 8910. 

2. 3, 2, 1  i  RAPXO-SNTERFERENCE  MEASURIliQ  PET  AN/'URM-29 

v* 


Radio- Interference  Measuring  Set  AN/UIiM-29  is  Receiving  Equipment  AN/ 
APR-4,  a  radar  searchreceiver,  modified  ina  number  of  respects  to  render  it  suit¬ 
able  for  interference  measurements  over  the  frequency  range  of  38  to  1000  mega¬ 
cycles.  The  principle  modification  to  the  receiver  accomplish  the  following  objec¬ 
tives:  (1)  peak  response  of  the  receiver  at  its  second  detector  to  interference  im¬ 
pulses  at  its  input  is  determinable  by  an  aural  indication  which  is  independent  of 
pulse  repetition  rate  and  the  hearing  acuity  of  the  operator;  (2)  the  stability  of  the 
receiver  is  considerably  improved  over  the  unmodified  equipment;  and  (3)  the  spur¬ 
ious  responses  in  the  range  of  300  to  1000  me  are  greatly  reduced. 
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This  equipment  measures  iat€rfer<tjtice  directly  in  terms  of  dbahove  one  micro¬ 
volt  per  megacycle  which  is  readily  convertible  to  microvolts  per  megacycle  or  per 
kilocycle.  It  does  not  incorporate  an  impulse  noise  calibrator  but  is  calibrated  in 
the  laboratory  by  means  of  a  calibrated  standard  impulse  generator  of  known  spec¬ 
tral  intensity  in  terms  of  microvolts  per  unit  bandwidth.  Measurement  of  the  peak 
value  of  impulse  type  interference  is  made  by  an  aural  slide- back  method. 


The  antennansed  wlthihis  equipment  is  a  special  broadband  antenna,  designed 
by  the  Signal  Corps  Engineering  Laboratories,  which  requires  changes  of  its  con¬ 
figuration  only  at  three  points  over  the  frequency  range  of  38  to  1000  me.  The  an¬ 
tenna  is  used  tA  specified  positions,  empirically  determined,  close  to  the  equip¬ 
ment  being  tested  for  interference,  and  is  not  calibrated  for  effective  height  for  de¬ 
termination  of  field  strength  in  terms  of  microvolts  per  megacycle  per  meter  be- 
such  a  saeasu* ement  is  meaningless  when  taken  as  close  to  the  equipment  as 
is  necessary  for  such  tests.  This  set  is  designated  as  Class  4  by  MIL- 1-16910. 

3,  Z,  U  MEASUREMENTS  DEVELOPMENT  MODEL  (AN/TRM-4) 

This  meter  is  under  development  by  the  USAS'  and  is  yet  in  the  experimental 
stage.  It  is  designed  to  have  ^  frequency  range  of  150  me  to  1000  me,  I’his  set  is 
designated  as  Class  3  by  MIL-L*?691G. 

13  RADIO  TE3T  SET  AH/UEM-17 


Teat  Set  AN/URM-17  is  a  )^'ortable,  single  >?.nd,  auperheterodyne  type 
ra*.!.>  n,>'*ferenc«  and  field  intensity  mev  tr.  It  may  be  used  to  measure  radiated  or 
radio  interference  in  the  lrequei,cy  range  of  37S  to  1000  megacycles.  As 
a  radio  frequency  voltmeter  it  will  measure  v’sltages  from  ID  microvolts  to  10  volts. 
As  a  field  intensity  meter  it  will  measure  from  100  microvolts  per  meter  to  100  volts 
per  meter.  The  Intermediate  frequency  is  60  n-egacycles.  The  effective  bandwidth 
varies  from  l,S  megacycles  at  a  signal  frequency  of  1000  megacycles  to  1.0  mega¬ 
cycles  at  370  megacyc,^@»  signal  frequency.  Charts  ,>re  provided  with  the  equipment 
showing  effective  bandwidth  as  a  function  of  frequency  of  the  measured  signal.  The 
attenuator  control,  graduated, in  XIO  steps  provides  attenuations  from  X 10  to 
Xi0Q,QQ0,  It  is  designed  to  operate  from  an  AC  power  tource  of  105  to  125  volts, 
or  210  to  250  volts,  between  StI  and  1600  cycles  per  second.  This  set  is  designated 
as  Class  3  hy  MIL-I- 16910. 


2.2.  3  SUMMARY  OE  INTERFERENCE  METERS 


The  currently  available  interference  meters  may  be  dii''^'s,ded  r vWgMyinto  three 
grwps  according  to  their  frequency  ran^s.  These  are^ 

la)  Low  frequency  meters  (14  to  25^|kc),  Only  the  AN/URM-6  %■&'  discu?ged 
in  this  group. 


\ 


(b)  Medium  and  high  frequency  meters  y  150  kc  to  20  or  40  me).  The  jTerris 
MAdel  32A,  the  AN/PRM- 1,  and  the  AhV URM-  3  are  discus  sed  in  this  gr  ^up. 


(c)  Yery'^ high  frequency  meters  (15  to  The  Measurements  Corpor  • 

ation  Model  58  and  theTS-587/U  -oredist'^ssed  in  this  group.  Ultra- high. 

\ 
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frequency  meters  (150  to  1000  me).  Only  the  AN/URM-17  is  discussed 
in  this  gi^oup. 

In  addition  there  are  the  AN/URM-28  amd  AN/URM-29j,  which  cover  the  range  from 
38  to  1000  me,  but  these  are  not  true  radio- interference  measuring  sets,  being  con¬ 
verted  AN/APR-4  receivers. 

In  the  low  frequency  range,  the  AN/URM-6  is  approved  by  the  Air  Force  and 
also  designated  as  Class  1  by  MIL-I- 16910  (see  Paragraph  2. 1,4),  This  meter  has 
satisfactory  sensitivity  and  bandwidth  and  has  the  threti  types  of  weighting  circuits 
properly  designated  as  "Field  Intensity"  and  "Quasi-Peak",  and  "Peak", 

In  the  medium  and  high  frequency  ranges,  the  AN/PRM-1  is  the  latest  general- 
purpose  instrument.  It  Is  approved  by  the  Air  Force  and  designated  as  Class  1  by 
MIL- 1- 169 10,  It  has  satisfactory  sensitivity  and  bandwidth  and  has  the  three  types 
of  weighting  circuits  with  the  proper  labels.  The  Ferris  32A,  which  is  widely  used 
at  this  time,  does  not  have  satisfactory  bandwidth  and  has  no  provision  for  a  true 
peak  reading.  The  position  labeled  "Radio  Noise"  actually  gtvas  a  quasi-peak  read¬ 
ing,  The  AN/URM-  3  is  a  special-purpose  instrument  deyeioped  by  the  Signal  Corps 
for  making  measurements  on  Impulse- type  interference  .  This  meter  has  the  unique 
feature  of  haying  incorporated  a  standard  pulse  generator  with  adjustable  pul i?e» repe¬ 
tition  rate  for  calibration  purposes.  This  makes  it  possible  to  calibrate  this  meter 
by  means  of  a  signal  that  is  practically  identical  with  the  signal  to  be  measured* 
Hence  no  weighting  circuit  is  required  in  this  meter. 

I 

In  the  very-high  frequency  rangei  both  the  Measurements  Model  58  and  the 
T3-587/IJ  are  accepteble  to  the  Air  Force,  and  both  are  Class  4  per  MIL- 1- 16910, 
The  TS-587/U  covers  s  somewhat  larger  frequency  range,  going  up  to  400  me  while 
the  Model  58  only  goes  up  to  150  me.  The  Model  58  does  not  have  a  true  peak  indi¬ 
cation  though  one  of  the  control  positions  is  labeled  "Peak".  This,  however,  is 
really  a  quasi- peak  indication.  The  TS-S87/U  giyea  readings  in  the  "Field- Intensity" 
position,  that  are  averages  over  about  500  milliseconds.  In  the  "Quasi-Peak"  posi¬ 
tion,  the  charge  time  constant  is  about  one  millisecond  ^d  the  discharge  time  con¬ 
stant  is  about  300  milliseconds.  Thus  the  quasi- peak  reading  is  not  as  close  to  the 
actual  peak  for  low  pulse- repetition  rates  as  it  would  be  for  a  600  millisecond  dis¬ 
charge.'  The  Model  5$  may  be  equipped  to  obtain  peak  readings  by  slide- back  method. 

In  the  ultra- high  frequency  range,  the  AN/URM-17  has  not  yet  been  evaluated, 
and  no  comparisons  can  be  made.  It  does,  however,  have  satisfactory  sensitivity 
and  bandwidth  and  has  the  three  types  of  weighting  circuits  properly  labeled. 

2.2.4  SELECTION  OF  TEST  LOCATIONS 

Most  radio-interference  tests  made  on  components  are  performed  in  a  labor¬ 
atory.  In  order  to  guard  against  ambient- interference,  it  is  necessary  to  perform 
the  tests  in  a  shielded  enclosure.  A  detailed  discussion  of  the  design  and  construc¬ 
tion  of  shielded  rooms  will  be  found  in  Appendix  VIII.  In  a  well  constructed  shield¬ 
ed  room,  the  most  sensitive  instrument  should  not  be  able  to  pick  up  any  signal 
whose  origin  is  outside  of  the  room. 

Occasionally  it  is  necessary  to  make  radio-interference  measurements  at  a 
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designated  location  other  than  in  a  shielded  room,  and  it  is  then  essential  to  consi¬ 
der  the  effect  of  the  surrounding  objects.  If,  however,  the  location  can  be  selected, 
the  observer  must  know  what  constitutes  a  good  site  for  a  given  set  of  conditions. 

In  selecting  a  site  for  radio- interference  meavsurements,  the  following  con¬ 
siderations  should  be  kept  In  mind:  The  radio  frequency  voltage  Induced  in  the  re¬ 
ceiving  antenna  is  proportional  to  the  intensity  of  the  electromagnetic  field  in  the 
space  Occupied  by  the  antenna.  The  intensity  at  this  point  will  depend  upon  the  ra¬ 
diated  power;  the  frequency  of  the  received  signal;  the  distance  from  the  transmitter; 
the  attenuation  over  the  path  between  the  transmitter  and  the  receiver;  reflections 
and  reradiatiotts  from  nearby  conductors,  such  as  power  lines,  wire  fences,  and 
steel  buildings;  absorption  by  trees;  and  the  effects  of  hills,  gullies,  or  cliffs. 

The  ideal  site  would  be  on  open,  Hat  terrain  at  a  considerable  distance  (1000 
feet  or  moire)  from  buildings,  electric  lines,  fences,  etc.  Even  buried  cables  can 
cause  serious  effects  at  low  frequencies;  since  tae  lower  the  frequency,  the  greater 
the  depth  of  ground  penetration.  Ideal  sites  are  rare  in  the  more  populated  sections 
of  the  country;  therefore,  it  is  good  practice  to  check  a  proposed  locatiort  by  taking 
measurements  on  the  desired  signal  at  several  points  in  the  vicinity.  If  the  same 
vslue  of  field  intensity  is  obtained  at  each  of  the  points,  any  one  may  be  considered 
satislactery.  If  it  is  necessas'y  to  use  an  unsatisfactory  site,  a  series  of  readings 
should  b$  recorded  at  a  number  of  different  points  in  the  neighborhood  of  the  selec¬ 
ted  site,  sad  ccqiiqus  notes  op  the  site  conditions  should  be  appended  to  the  recorded 
data. 


There  are  no  fixed  rules  to  govern  the  minimum  distance  between  the  field  in¬ 
tensity  measuring  equipment  and  the  nearest  wire  lines  or  other  disturbing  objects 
because  possible  resonances  are  unpredictable.  {Some  sites  have  been  found  to  he 
satisfactory  for  low-frequency  measurements  where  the  distance  was  as  close  as 
lOd  feet,  but  a  check  of  the  location  should  always  be  made  if  any  doubts  exist.  An¬ 
other  consideration  in  site  selectioof  is  the  possible  presence  of  local  electrical  in¬ 
terference  sources  which  may  make  field  intensity  measurements  difficult. 
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SECTION  III  -  APPL.ICATIONS 


3.  APPLICATION  OF  THEORY  TO  PRACTICE  / 

In.  this  section  the  principles  developed  in  Section  I  will  be  applic^'^;©  speci¬ 
fic  radio  interference  problems  encounteved  in  component  and  systen:y^4^'>sign,  A 
representative  group  of  components  and  systems  will  be  discussed  im  det&il 
the  standpoint  of  design  techniques  usefol  in  producing  interference/Cfree  ai:. craft. 
For  the  most  part,  the  systems  to  be  considered  are  those  which  slight  be  encoun¬ 
tered  in  a  representative  bomber -type  aircraft,  / 

Individual  components  mnst  designed  both  for  minimu%i  generation  of,  and 
for  minimum  susceptibility  to,  radio  interference.  It  is  i’rnpi^rtant  to  keep  in  mind 
from  the  very  beginning  that  the  component  murt  perform af actor ily  not  only 
alone,  but  also  in  conjunction  witli  other  components  as  par^  of  a  system.  Similarly, 
each  system  must  be  designed  for  interference -free  ope^^iojx  hot  only  when  opera¬ 
ting  alone,  but  also  when  operating  simultaneously  wityall  other  systemil  and  their 
components  in  the  aircraft.  Figure  3  shows  the  ope^ting  periods  of  a  number  of 
electrical  and  electronic  systems  in  a  typical  military  aircrafi.  This  chart  indi¬ 
cates  clearly  the  necessit^^  of  considering  simulta^oug  operation  of  practically  all 
systems  when  dealing  with  radio- interference  pr^leixjs, 

FUtering,  shield? 4g,  bonding,  etc.,  wMcP^have  more  or  less  universal  appH,-* 
cation,  will  be  dealt  with  separately,  Parag^phs  are  also  Included  which  deal  w*th 
minor  components  sveh  as  switches,  bru^^es,  vibrators,  etc,  Equipments  and 
systems  willhebrok^u  down  for  most  effective  presentation  of  the  suppression  tech¬ 
niques  involved.  / 


3. 1  GENERAL  '.CONSIDERATIONS  Wq^,  INTERFERENCE -FREE  OPERATION 

In  the  de  sign  of  equipmejat  in  the  layout  of  systema  itiv  interferenoe-ifree 
operation  thf  principles  set  in  Section  I  may  be  used  as  a  gul’d©.  Practical 

considerations,  hav/ever,  v.-iXi/greatly  influence  the  designer's  deciaipA  as  to  which 
suppression  technique  v’^U  applied  to  each  interference  problem  as  it  arises. 
Factors  ether  than  technic^  which  may  influence  the  designer  ar^<  the  following; 

(a)  35[£.i&M*  1^'  ijj/  of  the  utmost  importance  to  apply  technique  a  which  effec¬ 

tively  provide  the  highest  ratio  of  attenuation  per  ur.it  of  weight  since 
any  adde^weight  to  the  aircraft  reduces  its  payload.  It  is  the  designer's 
resposia4b-4'‘^/,  therefore,  to  study  the  interferencf  problem  in  order  to 
insuT'-v  i-„immum  y'*^.ight  cosisistent  with  interferir/nce  levels  which  can 
b*'(  t^:>^erated.  The  mrst  effective  suppression  techniques  are  available 
cur  ing  the  initial  de&i|;n  stages  of  components  er  systems.  Once  a  de- 
si;gn  is  completed,  th;.  designer  is  limited  to  techniques  which  are  less 
effective,  often  resulting  in  corrective  mo dlf ’.cations  and  additions  in¬ 
volving  added  weight.  In  nany  cases  proper  design  may  result  in  elim¬ 
ination,  rather  than  supp.’ession,  of  inter '.Sr  ence.  In  any  event,  it  is 
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^  GENERAL  CONSIDERATIONS 

obvious  that  the  best  control  of  radio  interference  will  re^jult  if  it  is 
considered  early  in  every  stage  of  component  or  system  design. 

(b)  Space.  The  use  of  propet  design  techniques  in  designing  components 
and  systems  from  the  standpoint  of  radio  interference  will  minimize 
the  siae  of  components^  the  number  of  filter  networks  required,  and  the 
shields  required  in  installations.  This  is  particiilarly  important  in  mo¬ 
dern  aircraft  where  high  performance  is  essential.  To  achieve  high 
performance  all  dimensions  are  critical  and  components  and  systems 
must  be  designed  to  fit  the  space  available.  This  does  not  mean  that 
radio  interference  can  be  ignored.  Rather  it  requires  better  design 
practices  in  all  phases  of  design. 

i^)  Materials.  Often  the  designer  is  influenced  by  avafliability  of  malefials 
in  the  design  of  suppression  devices  to  attenuate  or  eliminate  radio  in¬ 
terference.  For  example,  inductances  obtainable  for  filters  ihi  high 
current  circuits  are  limited  by  the  direct  current  resistance  of  the  wind¬ 
ing.  Filter  capacitors,  especially  those  of  high  values,  may  bhangs 
considerably  at  high  temperatures.  As  a  result  of  the  use  of  materials 
of  construction  which  will  not  "stay  put"  under  operating  conditions , 
the  attenuation  of  radio  interference  may  be  permanently  impaired,  or 
if  these  changes  vary  rapidly  with  time,  the  change  of  impedance  will 
actually  residt  in  additional  sources  of  radio  interference.  These  tod 
similar  factors  must  be  borne  in  mind  throughout  the  design  Of  com¬ 
ponents  and  systems  if  the  design  is  to  be  interference-free  under  all 
oper tiling  conditions. 

Practical  design  must  take  into  consideration  all  of  the  above,  and  the  best 
compromise  must  lid  n$ed.  In  addinto  to  these  factors  the  designer  rnust  choose 
the  most  efficient  meth«;«ds  of  eliminatmg  or  suppressing  radio  interference. 

It  may  be  shown  th.:>tihere  are  three  places  in  which  interference  can  be  con¬ 
trolled:  (1)  At  or  in  the  source;  (2)  Along  the  coupling  path;  (3)  At  or  in  the  re¬ 
ceiver  affected.  Depending  on  the  nature  of  the  interference,  the  transmission 
path  between  source  and  receiver,  and  the  receiver  characteristics,  the  designer 
may  find  that  there  is  a  choice  of  several  alternative  solutions  to  control  the  inter¬ 
ference.  This  permits  the  designer  to  choose  the  most  effective  method  and  to  min¬ 
imize  the  weight,  size,  and  use  of  critical  materials.  The  first  and  third  are  areas 
in  which  the  designers  of  components  and  equipments  have  control.  The  designers 
of  airplanes  and  aircraft  systems  control  the  second. 

Practically,  a  cooperative  effort  by  all  designers  in  all  three  areas  is  the 
only  solution  to  the  problem  of  radio  interference.  Since  it  is  necessary  to  consi¬ 
der  weight,  size,  and  materials  in  the  functiOjl^al  design  of  equipment  as  well  as 
the  problems  of  radio  interference,  the  designer  will  choose  a  compromise  which 
will  permit  satisfactory  aircraft  operation.  This  implies  radio  noise  suppression 
to  a  degree  rather  than  complete  elimination.  This  again  is  a  practical  compromise 
since  there  is  no  such  thing  as  a  realizable  filter  with  infinite  attenuation  or  a  re¬ 
ceiver  with  zero  susceptibility  to  interference.  Specifications  (see  Paragraph  2,1) 
have  been  written  covering  interference  limits  and  receiver  susceptibility.  The 
limits  were  set  as  high  a«5  ir.  believed  to  be  tolerable  in  order  to  achieve  what  is 
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considered  interference -free  aircraft  operation. 

These  limits  should  never  be  exceeded  and  the  designer  shotild  strive  for  as 
nearly  interference^free  operation  as  is  practically  possible.  While  the  present 
limits  seem  to  be  satisfactory,  they  may  at  some  future  time  be  made  more  severe 
as  the  multiplicity  of  equipments  in  aircraft  increases.  It  is  conceivable  also  that 
a  particular  installation  of  equipments,  each  of  which  is  within  specified  limits,  may 
interfere  with  each  other  because  of  some  installation  peculiarity. 

In  the  design  of  any  equipment,  system,  or  installation,  the  designer  should 
keep  in  mind  the  fact. .that  it  must  operate  satisfactorily  in  conjunction  with  all  the 
other  equipment  which  may  be  in  the  airplane  and  which  may  operate  at  the  same 
time.  If  this  is  considered  at  the  inception  of  the  design,  it  is  possible  to  make  most 
effective  use  of  techniques  for  interference  control.  In  many  cases  a  study  of  vari¬ 
ous  approaches  to  a  problem  yieldl  one  in  which  no  appreciable  weight  need  be  added 
to  achieve  the  required  degree  of  suppression,  in  fact,  proper  design  may  even  de¬ 
crease  the  weight  originally  considered  necessary,  simply  by  careful  routing  of 
wires,  correctly  orienting  parts  or  assemblies,  shielding,  or  using  correct  de¬ 
sign  Values  in  filter  networks. 

3. 1.1  riLTEHS  AND  OTHER  SUPPRESSION  NETWORKS 

The  purpose  of  filters  or  other  suppression  networks  is  to  attenuate  interfere 
ing  signals  conducted  from  interference  sources  or  into  interference-susceptihle 
equipment.  The  design  of  filters  will  depend  on  many  factors  such  as  the  character 
of  the  interference,  whether  the  filter  is  to  he  inserted  at  the  source  or  the  receiver, 
and  the  number  of  equipments  affected.  Other  things  being  equal,  it  is  generally 
preferable  to  eliminate  or  euppress  interference  at  the  source. 

Radio  interference  filters  may  require  unique  characteristics  due  to  the  com* 
plexity  of  present  day  aircraft  installations  of  electronic  equipment.  For  example, 
a  filter  maybe  required  withlarge  attenuation  from  150  kc  to  1000  me,  a  range  that 
cannot  usually  be  covered  with  a  single -section  filter.  Filter  designis  usually  based 
on  a  knowledge  of  the  terminating  impedances.  In  many  cases,  complete  information 
may  not  be  available  over  the  entire  frequency  range  that  must  be  considered  in 
radio -interference  problems.  In  general,  a  fair  approximation  of  thf  impedance* 
versus -frequency  characteristic  of  the  circuit  at  the  frequencies  to  be  passed  suf* 
fices  to  work  out  the  network  parameters. 

Three  types  of  suppression  networks  are  most  important  for  the  suppression 
of  conducted  radio  interference.  The  "brute-force  filters",  consisting  of  a  single 
capacitor,  a  single  inductor,  or  a  simple  L-section,  are  used  mostly  in  direct  cur¬ 
rent  circuits:  power-line  filters  are  used  in  60,  400,  or  800-cycle  alternating  cur¬ 
rent  circuits  either  at  the  output  of  a  source  of  interference  or  at  the  input  of  a  re¬ 
ceiver;  and  harmonic-suppression  filters  are  used  in  the  output  of  transmitters. 
These  types  are  treated  in  the  next  three  paragraphs.  Following  them,  the  design 
of  individual  elements  for  suppression  networks  are  discussed  in  detail. 

3.  1.  1.  1  "BRUTE-FORCE  FILTERS" 

The  simplest  type  of  suppression  network  is  a  single  capacitor  connected  from 
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3.  1.  i.  1  "BRUTE- FORCE  FHuTERS’' 

a  conductor  carrying  interne .fing  currents  to  ground.  Such  a  capacitor  offers  a  low 
impedance  to  ground  to  the  Literfering  currents  while  offering  infinite  impedance  to 
direct  currents.  It  is  very  effective  as  long  as  the  capacitor  be'!  ves  like  a  ca|:aci- 
tance,  i.  c. ,  as  long  a#  the  inductance  of  the  capacitor  leads  negligible.  The 
problems  associated  with  this  network  arc  those  of  capacitor  design,  to  be  discussed 
in  Paragraphs  3. 1. 1.4  and  3.  i.  1.  5,  and  those  of  proper  installation  to  be  discussed 
here. 

The  capacitor  must  be  installed  as  close  to  the  actual  point  of  interference 
generation  as  is  physically  possible.  For  equipments  enclosed  in  a  case  or  shield, 
this  always  means  that  the  capacitor  must  be  located  within  the  case  ox  shield.  In 
the  case  of  direct  current  motors  or  generators,  the  capacitor  should  be  connected 
directly  across  the  brushes.  Grounding  of  the  capacitor  directly  tp  the  negative 
bruBhis  prcfcSrable  *s  grounding  it  to  the  frame  or  case.  An  exception  to  this  occurs 
in  the  case  of  feed-through  capacitors  used  when  the  interference  source  is  com¬ 
pletely  shielded  (see  Paragraph  3. 1. 1.  $). 

It  is  eatremely  important  to  install  the  sapacitor  in  such  a  way  that  the  con¬ 
necting  leads  are  as  short  as  possible.  Any  lead  wire  has  inductance,  and  at  a  cer¬ 
tain  frequency  this  inductance  resonates  with  the  capacitance.  Above  the  resonant 
frequency,  the  effectiveness  of  the  capacitor  for  the  reduction  of  radio  interference 
decreases  very  rapidly.  This  is  showh  by  Figure  3.1. 1. 1-A,  which  gives  the  inser¬ 
tion  loss  as  a  function  of  frequency  for  a  4  pf  condenser,  installed  in  a  28-volt  direct 
current  line  operating  into  a  10-ohm  resistive  load.  Curve  A  is  plotted  for  a  conden¬ 
ser  connected  by  means  of  a  lead  wire  4  inches  long;  Curve  B  U  plotted  for  a  con¬ 
denser  with  connections  made  directly  at  the  terminals.  In  general,  the  insertion 
loss  in  decibels  of  an  ideal  cajaiocitor,  connected  across  a  load  Z;^  which  is  fed  by 
a  generator  of  internal  impedance  Zsi  is  given  by  the  ekpression: 


Insertion  Lioss  »  20  log 


1.  +  jZirfC 


^s  +  ^R 


(3-1) 


where  f  is  the  frequency  inmegacycles  per  second,  C  the  capacitance  in  microfarads  , 
and  the  impedasices  are  in  ohms.  If  both  Zn  and  Zj^  are  pure  resistances,  i,  e., 
Zg  =  Rg  and  is  Rpi ,  then  this  reduces  to: 
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Figure  3.  1.  1. 1-B  gives  the  resonant  frequencies  of  capacitors  of  various  sizes 
plotted  versus  the  total  length  of  both  leads.  These  curves  must  be  considered  ap¬ 
proximate  since  the  geometrical  arrangements  of  the  leads  and  the  internal  construc¬ 
tion  of  the  capacitor  itself  affects  the  resonant  frequency  to  a  considerable  extent. 
The  curves  shown  are  based  on  experimental  data,  but  similar  curves  (  actually 
straight  lines)  would  be  obtained  by  assuming  that  the  leads  have  an  inductance  of 
25  rnilli-microhenries  per  inch.  Such  an  inductance  would  exist  if  the  leads  are  run 
parallel  to  a  grouf»d  plane  and  three  wire  diameters  away  from  it. 
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»BRUTE-FORCE  FILTERS" 


Vfhen  acapacitor  is  used  with  an  alternating  current  generator,  additional  re¬ 
quirements  must  be  met  as  follows; 

i(a)  The  resonance  of  the  capacitor  with  the  internal  inductance  of  the  genera¬ 
tor  at  the  fundamental  or  the  lower  harmonic  frequencies  must  be  avoided 
to  prevent  the  build-up  of  dangerously  high  currents  and  voltages. 

{b)  The  capacitance  must  not  be  so  large  as  to  increase  the  generator  output 
sufficiently  to  cause  overheating. 

(c)  The  excitation  of  a  generator  with  automatic  voltage  regulation  must  not 
be  increased  by  the  capacitor  current  more  than  the  amount  for  which  the 
regulator  can  compensate. 

To  meet  these  requirements,  the  maximum  value  of  capacitance  that  can  usual¬ 
ly  be  used  on  alternating  current  generators  is  0,5  pf  with  avalueof  0.  05  pf  preferred 
for  most  applications.  Since  alternating  current  generators  have:  no  eoimnutators, 
the  Interlgychce  generated  by  them  is  not  as  sifvere  as  that  generated  by  direct  cur¬ 
rent  generators,  and  the  reduction  of  radio  interference  afforded  by  a  0.05  pf  capa¬ 
citor  is  usually  sufficient. 

Another  important  factor  in  the  installation  of  capaciGors  is  provision  for  a 
good  ground  connection.  Since  the  purpose  of  the  capacitor  is  to  provide  a  low  im¬ 
pedance  path,  and  since  the  grounding  coxmection  is  In  series  with  the  capacitor  it¬ 
self,  it  is  clear  that  the  comxection  must  be  a  low  impedance  bond  at  all  frequencies 
at  which  the  capacitor  should  be  effective,  A  single-terminal  capacitor  in  agrounded. 
metal  case  is  most  effective.  The  grounding  connection  should  be  a  bare  metal  to 
metal  contact  with  high  pressure  maintained  mechanically.  An  exception  to  this 
occurs  When  the  negative  lead  of  the  capacitor  must  be  connected  directly  to  the  neg¬ 
ative  side  of  the  interference  generator.  In  this  case,  a  capacitor  with  two  terminals 
should  be  selected,  and  both  leads  should  be  kept  as  short  as  possible. 

Coupling  between  the  lead  carrying  the  interfering  currents  to  the  capacitor 
and  the  "clean"  lead  carrying  only  the  desired  currents  must  be  avoided.  In  the  case 
of  a  single-terminal  capacitor,  the  two  leads  should  be  collinear  and  pointed  in  op¬ 
posite  directions.  Under  no  circumstances  should  the  two  leads  ever  be  bundled  to¬ 
gether  or  run  parallel  to  each  other. 

Instead  of  using  a  single  capacitor,  a  single  inductor  in  series  with  the  lead 
carrying  interfering  currents  can  also  be  used.  This  is  very  rarely  done  because 
usually  more  attenuation  can  be  obtained  with  a  shunt  capacitor  of  comparable  size 
and  weight.  The  greatest  disadvantage  of  the  series  inductor  is  that  it  must  carry 
the  full  line  current  at  the  desired  frequency.  To  obtain  the  amount  of  inductance 
necessary  for  adequate  suppression  of  radio  interference,  an  excessive  amount  of 
copper  is  usually  required.  Corea  of  magnetic  material  increase  the  inductance 
considerably,  but  if  the  desired  frequency  is  60,  400,  or  800  cps,  such  cores  in¬ 
troduce  undesirable  losses  at  the  power  frequency.  For  use  in  direct  current  leads, 
no  such  losses  exist,  but  the  direct  current  may  produce  saturation  of  the  core,  thus 
lowering  the  effective  inductance. 

Single  coils  have  one  advantage  over  single  capacitances,  which  may,  in 
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isolated  iiistances,  induce  the  designer  to  give  them  preferencej  Shunt  capacitors, 
since  they  offer  a  low  impedance  to  interfering  currents,  actually  increase  these 
currents  in  the  generator,  while  series  inductors,  which  offer  a  high  impedance  to 
the  interfering  currents,  decrease  these  currents  everywhere. 

The  design  of  indvictors  will  be  treated  in  detail  in  Paragraph  3, 1,1.6,  As  far 
as  the  installation  of  inductance  coils  is  concerned,  the  most  important  consideration 
is 'Eo  iceep  Ihe  coils  out  of  any  interfering  fields.  If  so  interference-field-free 
tion  can  be  found,  the  coils  must  be  shielded.  If  they  are  allowed  to  pick  up  any  in-^ 
terference  thro'^Sl^  inductive  or  capacitive  coupling,  their  effectiveness  is  obviously 
lost. 


The  upper  frequency  limit  of  an  inductance  coil  is  determined  by  its  distributed 
capacitance.  At  some  frequency  this  capacitance  will  resonate  with  the  inductance, 
andat  frequencies  above  that,  the  effectiveness  of  the  coil  in  suppressing  radio  inter¬ 
ference  decreases  rapidly.  The  distributed  capacitance  of  a  1 00-millihenry  iron-core 
coil  is  about  3  to  15  iiiipf,  depending  on  the  kind  of  winding.  The  resonant  frequency 
of  this  coil  could  be  no  higher  than  250  kc,  and  it  would  not  be  suitable  for  radio  in¬ 
terference  suppression,  An  inductance  of  100  (jih  is  usually  sufficient,  and  with  pro¬ 
per  care  in  design  (  see  Paragraph  3,1, 1.6  )  the  resonant  frequency  of  inuch  a  coil 
may  be  as  high  as  20  me.  For  the  suppression  of  frequencies  above  20  me,  a  single 
coil  can  be  used  only  ^  inductance  values  bf$low  100  ph  are  sufficient, 

f  1- 

Finally,  *’brute-force  filters"  may  be  constructed  by  combining  shunt  capaci¬ 
tors  and  series  inductances  into  L-  or  pi-sections  as  shown  in  Figure  3, 1,  1, 1-  C, 
.These  sections  give  higher  attenuation  than  single  elements  and  should  be  used  when 
the  attenuation  afforded  by  single  inductors  or  capacitors  is  insufficient. 

The  individual  requirements  for  the  installation  of  single  capacitors  or  single 
inductors  Apply  equally  when  such  elements  are  used  in  combination.  The  require¬ 
ment  for  good  grounding  connections  acquire  special  significance  for  the  pi- section, 
as  is  evident  from  Figure  3, 1. 1, 1-D,  Here  a  poor  bond  actually  allows  the  inter¬ 
fering  currents  to  by-pass  the  inductance  coil  and  return  to  the  line  thus  vitiating 
the  purpose  of  the  network. 

The  choice  between  a  condenser -input  and  an  inductance -input  L-section  is 
determined  by  the  following  considerations;  The  inductance -input  L-section  (Fig¬ 
ure  3, 1, 1, 1-C  (l)j  offers  the  higher  input  impedance  to  the  interfering  currents* 
therefore,  it  sheuld  be  chosen  whenever  there  is  a  reason  for  making  it  desirable 
to  reduce  the  interfering  currents  before  the  point  of  application  of  the  suppressing 
network.  Such  reasons  might  be  the  prevention  of  overloading  of  a  generator,  or 
the  prevention  of  inductive  coupling  of  these  currents  to  other  circuits.  In  the  ab¬ 
sence  of  such  reasons,  the  condenser -input  L-section  (Figure  3,  1, 1.  1-C(2))  should 
be  chosen  because  it  results  in  greater  attenuation.  This  is  proved  for  a  sornewhat 
special  case,  in  Appendix  IX. 

In  a  pi-section,  great  care  must  be  taken  that  there  be  no  coupling,  inductive 
or  capacitive,  between  the  two  capacitors.  Figure  3,  1, 1*  1-E  shows  how  such  coup¬ 
ling  allows  the  interfering  currents  to  return  to  the  line.  Such  coupling  may  be  pre¬ 
vented  by  extreme  care  in  the  installation  or,  in  severe  cases,  by  complete  shield¬ 
ing  of  at  least  one  of  the  capacitors.  More  details  about  these  procedures  will  he 
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"BRUTE-FORCE  FILTERS" 


found  in  the  following  paragraphs. 


(1)  Inductance-  (2)  Condenser-  (3)  Pi 

hiput  L  Input  L 


Fig,  3, 1,  1.  l-C  "Brute-Force  Filter"  Sections 


Path  of 


Fig,  3,  1, 1, 1-D  Effect  of  Foor  Bond  in  Pi-Scctton 


Fig,  3,  I,  1,  1-E  Coupling  Between  Condenser  Leads  in  Pi-Section 


Figure  3.  1,  1.1-F  gives  three  designs  of  practical  brute-force  pi-sections. 
For  complete  suppression  of  all  frequencies  from  150  kc  to  150  me,  the  three  fil¬ 
ters  mustbe  used  in  series.  These  design  instructions  are  appT&:£imate  and  should 
be  used  only  as  a  guide. 
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3.  1. 1.  2  POWER  LINE  FILTERS 


Power  line  filters  are  nsedat  tlie  output  of  interference  sources  such  as  motors, 
generators,  or  inverters,  and  at  the  input  power  lines  of  receivers.  Filters  of  this 
type  arc  also  required  for  the  leads  carrying  power  into  shielded  rooms.  In  this 
last  case,  the  power  frequency  is  usually  6i)  cps,  but  in  all  other  cases  the  power 
frequency  will  be  assumed  t,c  he  4<J0  cps. 

Power  line  filters  for  the  suppression  of  radio  interference  are  iow-paes  fil¬ 
ters,  jtf  they  are  to  operate  efficiently,  i,  e, ,  if  they  are  to  transmit  the^power  fre¬ 
quency  with  little  or  no  losses,  a  knowledge  of  the  impedances  between  which  they 
are  to  operate  is  essential  for  their  design.  An  exact  knowledge  of  these  impedances 
is  practically  never  available,  but  an  approximate  value  can  usually  be  obtained  at 
the  power  frequency.  Fortunately,  as  was  explained  in  detail  in  Paragraph  1,8, 2, 
the  effect  of  an  impena»c«  mismatch  in  the  pass  band  can  be  kept  negligibly  small 
by  choosing  the  cut-off  frequency  high  enongh.  As  was  pointed  out  there,  to  reduce 
the  effect  of  the  filter  on  the  desired  power  currents  to  a  minimum^  the  image  im¬ 
pedance  of  the  filter  should  be  chosen  near  the  geometric  mean  of  the  impedances 
between  which  it  Is  to  operate.  In  the  attenuation  band,  an  impedance  mismatch 
usually  introduces  additional  losses,  a  condition  which  is  desirable,  or  at  worst  It 
introduces  a  reflectipn  gain,  which  is  never  more  than  a  small  fraction  of  the  total 
attenuation.  Therefore,  in  the  design  of  power  line  filters,  it  is  only  necessary  to 
consider  the  impedances  at  the  power  frequency. 

Most  loadSi  such  as  receivers  imd  lighting  systems,  may  be  assumed  to  have 
a  purely  resistive  iniiut  impedance,  Thia  resistance  may  be  computed  either  by 
dividing  the  normal  input  current  into  the  nominal  input  voltage,  or  by  dividing  the 
normal  input  powat  Into  the  square  of  the  nominal  input  voltage; 


R 


yZ 

P 


(3-5) 


depending  on  whether  the  load  is  rated  in  terms  of  current  or  power.  For  oxample, 
a  llQ-volt  load  rated  at  5QQ  ma  would  have  a  resistance  of  UO/,  5  =  22Q  ohms.  The 
same  load  might  be  rated  at  35  watts,  and  its  resistance  would  he  computed  as 
UQ2/55  =220  ohms. 

Loads  such  as  motors  or  relays  usually  have  inductance  as  well  as  resistance. 
For  practical  purposes  it  is  best  to  ignore  the  inductance  and  design  the  fUter  on 
basis  of  the  resistance  only.  For  this  purpose,  the  exact  value  of  the  rcsistimec 
may  be  obtained  by  dividing  the  square  of  the  current  into  the  power,  R  =  P/l2,  hut 
the  error  in  using  Equation  (3-3)  is  small  for  the  power  factors  usually  encountered 
in  aircraft  equipment.  Since  an  approximate  value  of  resistance  is  sufficient,  the 
errors  caused  by  assuming  unity  power  factor  are  not  significant. 

In  conventional  filter  design,  much  attention  is  given  to  maintaining  a  good 
impedance  match  over  the  entire  paas-bsuid.  The  development  of  m -derived  ter¬ 
minating  half-sections  was  motivated  entirely  by  tbis  necessity.  In  power-line  fil¬ 
ters  only  one  frequency  is  of  importance  in  the  pass-band.  Therefore  ,  wide-band 
matching  is  not  a  problem.  However,  it  may  still  be  desirable  to  use  m-derived 
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sections  in  order  to  meet  specific  attenuation  requirements. 

Tisje  imaga  impedance  of  a  conventional  iow-pass  filter  of  thte  constant-k  or 
m-dcrived  type  is  exactly  equal  to  the  design  resistance  R  only  at  zero  frequency. 
For  other  frequencies  in  the  pass  hand,  for  a  pi»section.  it  is  given  hy: 

a  =  ^  13-4) 

]jr-  (f/fc)^ 

andfor  a  T-section,  it  is 


Z  -  R  p  -  <3-S) 

where ..Z  is  the  input  impedance,  f  the  frequency,  and  fc  the  cut-off  frequency  in  the 
same  uidls  as  f.  For  a  radio  interference  filter,  fg  may  not  be  lower  than  lOO  h®. 
With  a  power  frequency,  f.  of  OA  he.  it  is  obvtoue  that  for  all  practical  purposea 
Z  may  he  taken  equal  to  R, 

Once  the  cut-off  frequency  and  the  value  of  R  have  been  decided  upon,  the  de>- 
■ign  may  proceed  according  to  the  procedure  outlined  in  Appendix  VH,  For  the  in¬ 
stallation  of  the  filter,  all  considerations  outlined  in  Paragraph  3. 1.  i.  1  for  the  in- 
stsdlation  of  capacitors,  inductance  coils,  and  "brute-force  filter"  sections  apply. 
When  the  filter  consists  of  more  than  one  sectioni  say  two  constant-k  and  one  m- 
derived  sections,  coupling  of  any  sort  between  sections  must  he  prevented.  Where 
large  attenuatioi>i  is  required,  each  section  should  be  enclosed  separately  in  a  com¬ 
plete  shield. 

Examples  of  the  dosign  of  typical  filters  for  use  as  radio  Interference  filters 
are  in  Appendix  VXI, 

3,l.  l.S  liARMONIG  SUPPRESSION  FILTERS 

Harmonic  suppression  filters  are  used  at  the  output  of  transmitters  to  prevent 
any  harmonic  of  the  desired  transmitter  frequency  from  reaching  the  antenna„  They 
are  hand-pass  filters,  or  possibly  low-pass  filters,  since  the  frequencies  below  the 
desired  transmitter  frequency  are  not  usually  of  interest.  The  cut-off  frequency  of 
such  a  filter  should  be  between  the  desired  fundamental.  f<j.  and  its  second  harmonic, 
2fd,  A  value  of  1.5  f<i  is  usually  a  good  choice. 

Harmonic  suppression  filters  are  inserted  between  the  output  of  the  transmitter 
ff'pd  the  transmission  line  feeding  the  antenna,  or  between  the  transmission  line  and 
the  antenna.  Assuming  that  the  system  is  designed  so  that  there  would  be  a  good 
impedance  match  without  the  filter  at  both  the  transmitter  and  the  antenna  ends,  the 
filter  should  be  designed  to  operate  between  irxpedances  equal  to  the  characteristic 
impedance  of  the  transmission  line.  For  coaxial  lines,  the  commonly  used  impe¬ 
dances  are  52  and  75  ohms. 
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Conventional  filters  using  a  combination  of  constant -k  and  m-derived  sections 
are  effective  even  at  ultra-Mgh  frequencies.  The  only  special  consideration  at  the 
higher  frequencies  is  that  short  sections  of  transmission  lines  must  be  used  as  filter 
elements. 

The  design  objectives  for  a  harmonic- suppression  filter  are  the  following: 

(a)  hi  the  pass  band  the  filter  must  pi.rform  electrically  as  though  it  were 
simply  another  sjecties  M  conventional  transmisjalon-line  cable  (57,  ohm  or 
75  ohm,  or  any  other  impedance  which  may  be  required). 

(b)  The  attenuation  characteristic  should  be  such  that  a  certain  minimum  must 
be  e?cceeded  over  a  very  wide  band.  A  good  choice  would  be  to  require  an 
attenuation  of  not  less  than  60  db  between  10%  above  and  four  times  the 
cut-off  frequency  (to  attenuate  the  strong  lower  harmonics),  andof  not  less 

.  than  30  db  between  four  and  ten  times  the  cut-off  frequency. 

1  '  • 

(c)  In  the  pass  band,  the  insertion  loss  should  be  less  than  (1/2)  db  and  the 

i  voltagf  standing-wave  ratio  caused  by  the  filter  when  properly  terminated 

I  shoiitld  be  less  than  1,10  over  the  complete  pass-band  range, 

(d)  The  physical  siae  and  weight  of  the  filter  shotdd  be  held  to  a  minimum 
consistent  with  good  engineering  practice. 

(e)  The  average  and  peak  power  capacity  must  be  sufficient  for  the  transmitter 
confide  rfd. 

(f )  The  filter  should  be  hermeticiOly  sealed  to  instire  satisfactory  op-^ration 
under  all  atmospheric  conditions  encountered  in  flight. 

If  attenuations  greater  than  those  stipulated  under  Objective  (b)  are  required, 
it  is  better  to  use  two  or  more  complete  filters  in  series  than  to  attempt  the  design 
of  a  filter  meeting  more  severe  requirements. 

The  indiyiduil  fUter  elements  are  extremely  critical  and  may  be  constructed 
so  that  they  can  be  tuned  after  the  complete  filter  has  been  assembled.  One  satis¬ 
factory  method  of  accomplishing  this  consists  of  varying  the  capacity  of  the  condens¬ 
ers  by  rotating  the  dielectric  spacers  between  parallel  plates.  The  spacers  are 
shaped  like  cams  so  that  their  rotation  effectively  controls  the  dielectric  constant 
and  thus  changes  the  capacitance.  After  timing,  all  of  the  adjustment  must  be  per¬ 
manently  locked. 

It  is  found  that  in  a  filter  of  this  type,  the  insertion  loss  in  the  pass  band  is 
due  primarily  to  the  reflection  coefficient  and  not  the  losses  due  to  resistive  com¬ 
ponents.  Therefore,  the  voltage  standing- wave  ratio  in  the  pass  band  with  the  filter 
properly  terminated  is  an  excellent  indication  of  the  filter's  pass-band  performance 
and  efficiency.  To  keep  the  reflection  coefficient  small  over  the  entire  pass  band, 
the  input  impedance  of  the  filter  should  be  as  constant  as  possible.  Terminating 
m-derived  half- sections  can  be  constructed  specially  for  this  purpose.  A  value  of 
m  near  0.6  gives  the  best  results.  But  if  the  image  impedance  of  such  a  half-section 
is  plotted  as  a  function  of  frequency,  it  is  seen  that  there  is  a  rapid  decrease  in  its 
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magnitude  in  the  region  from  about  90  to  100  percent  of  the  mathematical  cut-off 
frequency.  A  portion  of  this  region  must  necessarily  be  considered  as  belonging  in 
the  attenuation  band,  if  low  values  of  voltage  standing-wave  ratio  are  to  be  obtained 
in  the  pass  band.  Therefore,  the  design  cut-off  frequency,  f|;,  should  be  taken  as 
a  little  lower  than  the  mathematical  cut-off  frequency,  f^. 

A  good  rule  to  follow  is 

*  ^*965  or  f^  «  1,035  (3-6) 

To  increase  the  sharpneaa  of  cut-off,  a  value  of  m  a  little  below  0.6  for  the 
terminating  half-sections  is  desirable.  If  a  value  of  0.5  is  chosen,  it  must  be  re¬ 
membered  that  the  image  impedance  of  such  a  section  is  a  little  above  the  nominal 
image  impedance,  (i.  e, ,  the  image  impedance  used  in  the  design  of  the  filter) 

for  most  of  the  pass  band.  A  good  choice  for  the  relation  between  the  actual  load 

impedaixce,  Rl, 

Ro  =  0.935  Rl  or  R^  =  1.081  R^  (3-7) 

At  frequencies  above  70  or  80  me,  It  becomes  convenient  to  use  short  sections 
of  coaxiad  transmission  lines  as  filter  elements.  These  lines  are  used  to  simulate 
tbe  required  values  of  lumped  inductance  and  capacitance.  The  dlinensions  of  the 
linei  required  may  be  computed  In  the  following  way: 

Any  uniform,  lossless  transmission  line  ofcharacteristic  impedance,  Zq,  and 
electrical  length,  0  radians,  can  be  exactly  represented  by  the  equivalent  circuit 
shown  in  Figure  3, 1, 1.  3-A. 


— ^ — nfinnn — 
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cC  C  = 

- 

Fig.  3, 1. 1.  3- A  Equivalent  Circuit  of  Transmission  Lint 
The  elements  have  the  following  values: 


Zq  sin  6 


L  -  — - 

2irf 

(3-8) 

tan  (0/2) 

C  =  — - - 

Zo  2iff 

(3-9) 

where  Z©  is  in  ohms  and  f,  the  frequency,  in  cycles  per  second.  When  0  is  small 
(less  than  15°),  these  values  can  be  replaced  to  a  good  approximation  by: 
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L(in}i|ifei)  -  84.7  Z©  d  <3-10) 

C  (in  tijxf)  =  d  (3-11) 

"O 

d  is  the  actual  length  of  the  line  in  inches.  It  is  seen  that  for  an  electrically 
short  line,  the  e<juivalent  lumped  parameters  are  independent  of  frequency,  which 
is  an  important  requirement  if  the  line  is  to  simulate  constant  elements.  It  is  nec¬ 
essary,  therefore,  that  the  line  he  less  than  15-electrical  degrees  long  at  all  fre¬ 
quencies  for  which  the  filter  is  to  maintain  its  eBsential  properties. 


Fig.  3, 1,1.  3-B  Characteristic  Impedance  of  Coaxial  Transmission  Lines 

The  characteristic  impedance,  Zq,  of  a  coaxial  transmission  line  using  a  solid 
dielectric  is  plotted  in  Figure  3. 1, 1.3-B  as  a  fund  n  of  the  ratio  r  of  the  inner 
diameter  of  the  outer  conductor  to  the  outer  diameter  of  the  inner  conductor  for 
several  values  of  the  dielectric  constant  e  of  the  medium  between  the  two  conductors  . 
The  analytical  expression  for  the  characteristic  impedance  is 

Zq  =  1=1-  logjQ  r  (3-12) 

I 

An  abrupt  change  in  either  the  inner  or  outer  conductor  diameter  of  a  coaxial 
transmission  line  causes  a  distortion  of  the  field  which  produces  an  admittance  that 
can  be  represented  electrically  as  a  shunt  capacitance  across  the  line  at  the  place 
of  discontinuity.  The  value  of  this  discontinuity  capacitance  is  appreciable  and  must 
be  considered  in  high  frequency  filter  design  where  short  sections  of  transmission 
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line  are  emplojre^l  as  Inmped  elements.  Two  such  discontinuities  are  pictured  in 
Figure  3.  1.  i.3-C  together  with  their  equivalent  circuit.  The  values  of  the  shunt 
capacitances  may  be  found  from  the  curves  on  Figure  3. 1 .  1.  3“D.  In  each  case,  to 
btain  the  actual  shunt  capacitance  in  micromicrofarads,  the  value  read  from  the 
carve  must  be  mtiltiplied  by  the  circumference  of  the  unchanged  conductor  measured 
in  centimeters.  If  there  is  a  simultaneous  discontinuity  in  both  the  outer  and  the 
inner  conductor,  an  approximate  but  very  good  value  of  the  equivalent  shunt  capaci¬ 
tance  is  obtainable  by  breakL,g  it  into  two  paitf  and  using  the  same  curves  as  before. 
That  is,  the  capacitance  is  the  sum  of  the  two  capacitances  obtained  by  assuming 
first  that  iiis  inner  conductor  remains  continuous  while  the  outer  one  changes,  and 
then  that  the  outer  conductor  remains  continuous  while  the  inner  one  changes. 


An  exploded  view  of  a  filter  designed  and  constructed  in  accordance  with  the 
procedure  outlined  in  this  paragraph  is  shown  in  Figure  3.  I.  1.  3-E. 


Low-pass  filters  of  the  type  described  here  are  also  sometimes  useful  in  the 
antenha  input  circuit  of  receivers.  While  in  a  well-designed  receiver  the  antlenna 
input  circuit  acts  as  a  band-pass  filter  attenuating  all  frequencies  above  and  below 
its  pass  band,  it  may  happen  that  a  very  strong  signal  outside  the  pass  band  over¬ 
rides  the  desired  signal  despite  this  attenuation,  so  that  an  additional  external  filter 
hecornes  necessary, 

3,  1.  i.4  0E3IQN  OF  FILTER  CAPACITORS 

Capacitors  for  use  in  radio  mterference  suppression  networks  must  meet  the 
following  niechanical  requirements: 

(a)  Extreme  ruggedness.  Must  be  unaffected  by  severe  shock. 

(b)  High  resistance  to  extreme  altitudes,  temperatures,  and  humidities, 

(c)  Durability.  Must  retain  their  mechanical  and  electrical  properties  with- 
out  maintenance  indefinitely, 

(d)  Ability  to  resist  corrosion. 

The  electrical  requirements  are  that  they  have  the  specified  capacitance  with 
minimum  weight  and  Sipace,  that  they  be  eapablc  of  withstanding  the  operating  volt¬ 
ages  without  danger  of  flash-over,  and  that  they  neither  produce  nor  be  affected  by 
external  electric  or  magnetic  fields.  They  must  also  preserve  their  electrical  prop¬ 
erties  over  as  wide  a  frequency  range  as  possible. 

These  requirements  make  it  mandatory  that  the  capacitors  be  hermetically 
sealed,  if  at  aill  possible,  iinless  they  are  part  of  a  unit  which  is  hermetically  sealed 
as  a  whole.  In  general,  the  design  should  follow  the  requirements  of  the  joint  Army- 
Navy  specification  of  date  of  issue  at  the  time  the  design  is  formulated. 

If  hermeticad  sealing  is  impossible,  some  sealing  compound  must  be  used  to 
protect  the  capacitors  against  the  effects  of  high  temperatures  and  humidities,  Dow 
Corning  4  compound  has  been  widely  used  for  this  purpose.  Recent  tests  by  the  U.  S. 
Navy  have  shown  that,  due  to  its  "flow"  properties  and  loss  of  insulation  resistance 
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with  absorption  of  moisture,  this  compound  cannot  be  relied  upon  as  a  means  of 
sealing  an  open-type,  oil-dielectric  capacitor.  Breakdown  and  failure  occurred 
frequently  in  theee  capacitors  because  the  Dow  Corning  4  compound  mixed  with  the 
oil  dielectric  resulting  in  deterioration  of  the  capacitor.  Dow  Corning  4  compound 
is  satisfactory  when  used  with  synthetic  rubber,  neoprene,  or  phenolic  insulating 
materials. 
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Capacitors  to  be  used  in  suppression  networks  should  always  be  of  the  non- 
inductive  type.  For  example,  a  rolled  impregnated-paper  capacitor  should  make 
use  of  the  extended  foil  construction  as  shown  in  Figure  3.  1.1,4. 


Fig,  3.1.  1,4  Construction  of  Inductive  Capacitor 

Capacitors  used  as  shunts  to  ground  should  be  of  the  single -terminal  type  with 
the  metal  case  grounded.  An  exception  to  this  occurs  for  low-capacitance  mica 
condensers  completely  embedded  in  a  plastic  mold.  Since  the  mold  is  not  conducting, 
it  cannot  be  grounded.  Provision  sho^d  be  made  to  zpount  the  capacitor  at  the  point 
where  the  lead  leaves  the  mold. 

Capacitors  to  be  used  as  series  elements  should  be  constructed  sp  that  the  two 
leads  leave  the  case  or  mold  at  opposite  sides  and  so  that  connections  can  be  made 
with  a  minimum  length  of  leads.  The  internal  lead  length  must  also  be  kept  at  a 
minimum  in  order  to  keep  the  series  inductance  as  small  as  possible, 

3. 1. 1.  5  FEED-THROUGH  CAPACITORS 

The  ••feed-through”  capacitor  differs  from  the  conventional,  or  ’'lead-type”, 
capacitor  in  that  all  ground  leads  have  been  completely  eliminated.  As  shown  in 
Figure  3. 1.  1,  5- A,  it  consists  of  a  feed-through  bus  that  passes  through  the  center 
of  the  capacitor  section  which  is  rolled  in  the  extended  foil  manner.  Alternate  foils 
on  each  side  of  the  feed-through  bus  are  soldered  together;  one  set  is  soldered  to 
the  housing  and  the  other  -et  is  soldered  to  the  feed-through  bus.  This  type  of  a 
configuration  limits  the  inherent  inductance  from  line  to  ground  to  an  almost  neg¬ 
ligible  value  thus  raising  the  resonant  frequency  of  the  capacitor  and  extending  its 
useful  frequency  range  of  effective  by-passing. 
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Fig,  3. 1.  i.  5- A  Schematic  Diagram  of  a  Feed- Through  Capacitor 


(1)  Mounting  Flange  (2)  Threaded  Surface  (3)  Threaded  Stud 


Fig;  3, 1. 1.  5-B  Methods  of  Mounting  Feed-Thrpugh  Capacitors 


The  feed-through  capacitor  is  essentially  a  three-terminal  element  since  the 
line  from  which  the  radio  frequency  currents  a^c  to  he  by-passed  must  be  broken 
and  the  capacitor  inserted  between  the  separated  ends.  The  feed-through  capacitor 
ftmctions  most  effectively  when  mounted  through  a  shield  wall  so  that  contact  to 
ground  is  afforded  along  a  continuous  symmetrical  line  around  the  circumference 
of  the  housing.  This  minimises  the  inductance  and  resistance  from  the  housing  to 
ground.  Furthermore*  the  shield  isolates  the  input  and  output  leads  of  the  capaci¬ 
tor  from  each  Other.  Because  of  this,  feed-through  capacitors  find  their  greatest 
usefulness  at  the  exit  points  of  leads  from  shielded  enclosures  containing  interfer¬ 
ence  sources.  In  this  application  they  are  far  superior  to  any  other  single  element 
though  their  insertion  loss  is  not  as  great  as  that  of  a  well-designed  filter. 

One  method  of  mounting,  as  shown  in  Figure  3.  1. 1.  5-B  (1),  makes  use  of  a 
flange,  an  integral  part  of  the  capacitor  wall,  which  is  screwed  to  the  shield.  Better 
results  are  obtained,  however,  by  using  "press-in”  or  "cone"  capacitors.  The  press- 
in  capacitor  is  cylindrical  in  shape  having  an  excess  diameter  of  about  a  thousandth 
of  an  inch,  while  the  cone  capacitor,  as  the  name  implies,  is  conical.  Both  of  these 
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capacitors  are  forced  into  a  bored  opening  under  great  pressure.  Another  method 
of  mounting,  consistent  with  good  results,  employs  a  condenser  cylindrical  in  shape 
whose  surface  has  been  threaded  as  shown  in  Figure  3.1.1.  5-B  (2).  This  capacitor 
is  inserted  into  an  opening  in  the  shield  and  is  heJdi  securely  to  both  sides  of  the 
shield  by  a  washer  and  nut  arrangement.  A  similar  type  of  mounting,  shown  in 
Figure  3.1,1.S-B  (3),  employs  a  smooth  cylindrical  condenser  with  a  threaded  mount¬ 
ing  stud  which  is  inserted  into  an  opening  in  the  shield  and  held  securely  to  the  shield 
by  A  lock  washer  and  nut. 


An  analysis  of  She  insertion  loss  -  frequency  curves  of  the  feed-through,  lead- 
type,  and  the  ideal  capacitor  (ii  e. ,  one  without  any  resistance  or  inductance)  as 
shown  in  Figure  3.1.1.5--C,  clearly  shows  the  superiority  of  the  feed-through  capac¬ 
itor.  The  dip  below  the  ideal  observed  in  the  curve  of  the  feed-through  capacitor  is 
typical  of  aU.  capacitors  of  this  type  and  usually  occurs  in  the  50-600  megacycle 
range.  The  cause  of  the  dip  is  not  precisely  known,  but  it  is  probably  caused  by  a 
complex  interaction  of  currents  and  fields  m  and  surrounding  the  different  layers  of 
foil.  Despite  the  dip,  the  feed-through  capacitor  is  superior  to  the  lead-type  capac¬ 
itor  since  no  resonant  effects  are  apparent  and  the  insertion  loss  continues  rising 
after  the  dip. 


Fig,  3,  1, 1,  5-C  Curves  of  Insertion  Loss  as  a  Function  of  Frequency 
Comparing  Feed-Through  and  Lead-Type  Capacitors  with  Ideal  Capacitors 


Production  samples  of  feed-through  capacitors  show  wide  variations  in  their 
insertion  loss  -  frequency  curves  in  the  region  approaching  1000  megacycles.  This 
variation  is  probably  caused  by  the  radio- frequency  resistance  which  at  these  fre¬ 
quencies  is  equal  to  or  greater  than  the  capacitive  reactance  of  the  capacitor  thereby 
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exerting  the  greater  influence  on  the  shape  of  the  curve. 

Another  type  of  a  feed-through  capacitor,  shown  in  Figure  3.  1. 1,  5-D,  con¬ 
sists  essentially  of' a  feed-through  bus  passing  through  the  center  of  the  capacitive 
section  which  consists  of  discs  rather  than  rolled  foil.  Alternate  discs  on  both  sides 
of  the  feed-through  bus  are  connected  to  the  housing  while  the  remaining  discs  are 
connected  to  the  feed-through  bus.  This  type  of  configuration  is  best  adapted  for  use 
with  ceramic  dielectric  discs  whose  surfaces  have  been  coated  With  silver  to  form 
the  conducting  plates.  Large  capacitors  of  this  type  have  not  as  yet  been  satisfac¬ 
torily  produced.  However,  experimental  models  wi.h  values  greater  than  0.1  micro¬ 
farads  have  been  dsvslsped. 


Line  to  be  by -passed 


'Housing 


>F eed-Through  Bus 


^ot  discs  connected 
to  bus 

-Grounded  discs  con¬ 
nected  to  housing 


Fig,  3, 1,1,  5-D  Schematic  Diagram  0^  % 
Stacked-Discs  Type  of  Feed-Through  Capacitor 


3. 1, 1.  6  DESIGN  OF  FILTER  INDUCTORS 


Inductors  used  in  radio  interference  suppression  networks  tnust  meet  the  same 
mechanical  req^uirements  as  capacitors,  which  are  enumerated  in  Paragraph  3. 1.1.4, 
The  electrical  requirements  are  that  they  have  the  specified  inductance  with  a  mini¬ 
mum  weight  and  space,  that  they  be  capable  of  passing  the  operating  current  without 
excessive  heating,  and  that  they  neither  produce  nor  be  affected  by  external  electric 
or  magnetic  fields.  They  must  also  preserve  their  electrical  properties  over  as 
wide  a  frequency  range  as  possible. 


Fig*  3*  1„  1,  6-A  Equivalent  Circuit  of  Inductance  Coil 


Figure  3. 1.1. 6-A  shows  the  equivalent  circuit  of  an  inductance  coil.  The  quan¬ 
tity  L  is  the  inductance,  Rg  represents  the  shunting  effect  of  the  losses  in  the  sur¬ 
rounding  medium,  R  is  the  actual  winding  resistance  taking  into  account  the  skin 
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effect,  and  C  is  the  distributed  capacitance.  The  distributed  capacitance  may  have 
losses,  but  these  are  usually  negligible  compared  to  those  already  mentioned.  For 
direct  and  low  frequency  alternating  currents,  the  core  losses  are  very  small  and 
B.  approaches  the  direct  current  value  of  the  winding.  For  use  in  an  effective  sup¬ 
pression  network,  C  should  he  as  small  as  possible  so  that  the  anti-resonant  fre¬ 
quency,  above  which  the  inductor  behaves  like  a  capacitance  and  will  lose  its  ef¬ 
fectiveness,  is  as  high  as  possible.  The  inductance  L  should  be  large  for  the  fre¬ 
quencies  of  the  interfering  currents,  but  low  for  the  desired  power  frequencies. 
The  value  of  R  is  not  important  as  far  as  the  undesired  frequencies  are  concerned, 
but  a  low  value  of  R  is  desirable  in  order  to  keep  the  voltage  drop  across  R  as  small 
as  possible  for  the  desired  currents. 


At  the  radio  frequencies  'ivixich  are  to  be  suppressed,  practically  aU  the  losses 
associated  with  the  inductance  coil  occur  in  Rs.  Thus  the  "Q"’  of  the  coil  is  defer - 
min<sd  primarily  hy  It  is  knov^  from  filter  analysis  th*it  the  effect  pf  dissipative 
elements  is  negligible  in  all  cases  except  in  the  vicinity  of  the  critical  frequencies 
(the  cut-off  frequencies  and  the  frequencies  of  infinite  j^ttenuation).  Since  r&dio 
interfer«^nce  suppressihg  filters  or  networks  usuaRy  operate  well  beyond  cpt-off, 
relatively  low  values  of  Bs  may  be  tolerated.  Values  of  as  low  as  three  reduce 
the  effective  impedance  of  a  coil  by  only  30  percent  as  compared  to  its  value  for  the 
ide^  "Q*»  of  ihfinity. 


It  is  very  important  to  reduce  the  capacitance  C  as  much  as  possible,  and  this 
may  be^done  by  connecting  several  coils  in  series  so  that  the  various  capacitances 
of  the  individual  coils  are  in  series.  Since  this  also  lessens  the  indur4ance  of  the 
coil»  because  it  eliminates  some  of  the  mutual  inductance  between  the  turns  of  dif¬ 
ferent  colls,  a  compromisp  must  be  found. 

Multiple -layer  coils  should  he  avoided  since  their  capacitance  is  appreciably 
greater  than  that  of  single-layer  coils.  The  siaP  of  wire  to  be  used  depends  on  the 
current  to  be  carried.  The  wire  size  should  be  chosen  so  that  IQQ  percent  overload 
can  safely  be  carried  except  in  special  cases  where  circumstances  may  require  a 
larger  factor  of  safety.  In  determining  the  current,  the  radio  interference  currents 
may  be  neglected  in  comparison  with  the  power  currents.  The  correct  wire  size 
may  be  found  in  the  table  of  Figure  3,  i,  1. 1-F,  page  3  -  10. 


For  inductances  below  about  1000 microhenries,  usually  no  magnetic  material 
need  be  used  unless  special  space  requirements  exist.  The  inductance  of  a  coil  is 
a  very  complicated  function  of  its  physical  dimensions  and  the  number  and  arrange¬ 
ment  of  the  turns.  However,  the  following  equation  may  be  relied  on  to  give  correct 
results  for  a  single -layer  air -core  coil  within  about  2  percent  provided  that  the  ratio 
of  diameter  to  length,  a/b,  is  neither  very  large  nor  very  small  as  compared  to  unity. 


0.5  a2  k2 
9a  +  20b 


(3-13) 


The  inductance,  L,  is  in  microhenries,  the  average  coil  diameter,  a,  is  in 
inches,  (see  Figure  3. 1.  1.6-B),  the  length  of  winding,  b,  is  in  inches  (see  Figure 
3.  I,  1,6-B),  and  k  is  the  number  of  turns  per  inch.  Figure  3.  1.  1.6-C  is  a  nomo¬ 
graph  based  on  Equation  (3-13)  for  the  rapid  computation  of  either  the  inductance  of 
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Fig,  3. 1. 1.6-3  Dimensions  of  Single-Leyer  Air-Core  Coil 


a  coil  of  given  dimensions,  or  the  dimensions  of  a  coil  for  a  given  inductance.  The 
use  of  this  nomograph  is  as  follows: 

To  find  the  inductance  of  a  coil  whose  dimensions  and  number  of  turns  are 
known,  find  the  reference  point  on  the  ''turning’*  scale  by  drawing  a  straight  line 
through  the  approscimate  points  on  the  ”b/a"and  the  "a"  scales,  Thendraw  a  straight 
line  through  this  reference  point  and  the  approximate  point  on  the  "k"  scale  and  ex¬ 
tend  this  line  until  it  intersects  the  scale. 

The  following  example  illustrates  the  use  of  the  nomograph  in  solving 
the  above  type  of  problem.  Refer  to  Figure  3, 1, 1,  6-C,  Find  the  in¬ 
ductance  of  a  coil  close  wound  with  13  turns  of  No,  2^5  enamel  wire  (37 
turns  per  inch)i  if  its  diameter  and  length  are  3,5  and  0,36  inches,  re¬ 
spectively. 

Connect  b/a  =  0.1  and  a  =  3.5  with  a  straight  line  and  rotate  this  line 
about  the  reference  point  on  the  turning  scale  to  k  =  37,  and  read  L  =  30 
microhenries. 

The  length  and  the  number  of  turns  of  a  ceil  of  known  diameter,  inductance, 
and  current  carrying  capacity  can  be  found  by  the  use  of  the  nomograph  by  finding 
first  the  number  of  turns  per  inch  from  the  table  of  Figure  3,1,1, 1-F,  page  3  -  10, 
Then,  a  straight  line  is  drawn  between  the  appropriate  points  on  the  "k''  and'  "L" 
scales  to  locate  the  reference  point  on  the  "turning”  scale.  This  point,  in- turn,  is 
connected  to  the  appropriate  point  on  the  ”A”  scale  by  a  straight  line  which  is  ex¬ 
tended  until  it  intersects  the  ”b/a”  scale.  Since  the  value  of  ”A”  is  known,  the  value 
of  ”h”  can  he  readily  calculated  and  used  to  obtain  the  total  number  of  turns,  N,  by 
means  of  the  relationship,  N  =  kb. 

The  following  example  illustrates  the  use  of  the  nomograph  for  the  above 
conditions.  Refer  to  Figure  3. 1.1. 6-C.  Find  the  length  and  the  number 
of  turns  of  a  30-microhenry  coil,  designed  to  carry  a  maximum  current 
of  1.5  amperes,  and  whose  diameter  is  3.5  inches.  Figure  3. 1. 1, 1-F 
shows  that  37  turns  per  inch  of  No.  22  enamel  v/ire  is  required. 

Connect  k  =  37  and  L  =  30  with  a  straight  line  and  rotate  this  line  about 
the  reference  point  on  the  turning  scale  to  a  =  3.5  and  read  b/a  =  0.1. 

Since  a  =  3.5  inches,  b  =  0.35  inches.  Therefore,  the  number  of  turns 
required  is  0.35  x  37  =  13  turns. 
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Fig,  3, 1, 1, 6-G  Nomograph  for  Single-Layer  Coil  Design 
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Fig.  3.  1.  1,  6-D  Nomograph  for  Determining  * 

Distributed  Capacitance  of  Single-Layer  Coils 

* 


3-26 


*  * 


3. 1,1.6 


DESIGN  OF  FILTER  INDUCTORS 


A 


IF 


I 


I- 

E 


I 

» 

i 

I 

i 


t 


ti 


■w- 


\ 

i. 

[ 


« 

■» 


4k 


*■ 


i. 

« 


If  Space  is  ample,  it  is  usually  desirable  to  make  ’’k"  smaller  than  its  maxi¬ 
mum  value  read  from  the  table  of  Figure  3. 1,  1, 1-F  because  a  decrease  of  "k”  w-ill 
reduces  the  distributed  capacitance  of  the  coil.  This  reduction  of  the  value  of  *'k"  is 
obtained  by  space  winding  rather  than  close  winding  the  coil.  It  should  be  noted, 
however,  that  an  error  in  the  value  of  the  inductance  is  introduced  because  the 
value  of  •'k*'  used  in  the  nomogr-aph  of  Figure  3, 1.  1,6-0  is  based  on  a  close-wound 
coil,,  ; 

The  distributed  capacity,  Cq#  of  a  single-layer  coil,  shown  in  cross-  section 
m  Figure  3e  1,  1,6-D,  can  be  readily  found  by  the  use  of  the  nomograph  of  Figure 

3. 1,  l,6”D|  if  the  diameter  of  the  coil  ‘'a",  the  diameter  of  the  wire  used  "d'*,  and 
the  distance  between  the  centers  of  adjacent  turns  ’’s"  are  known.  The  procedure 
for  the  use  of  this  nomograph  is  as  follows: 

Draw  a  straight  line  connecting  the  appropriate  points  on  the  '’s/d”  and  "a" 
scales.  The  point  of  intersection  of  this  line  and  the  *'Cp"  scale  gives  the  value  of 
the  distributed  capacity.  If  the  diameter  of  the  coil  is  "m*'  times  larger  or  smaller 
than  the  values  on  the  "a"  scale,  the  value  of  the  distributed  capacity  is  also  ’’m" 
times  larger  or  smaller  than  the  value  read  on  the  "C©"  scale.  In  this  case,  ”m" 
is  any  constant  factor. 

If  more  inductance  is  needed  in  a  given  space  than  can  be  obtained  in  an  air- 
epre  coil,  a  core  of  magnetic  material  must  be  used.  Suitable  coils  using  magnetic 
cores  may  take  many  forms.  Several  important  arrangements  are  shown  in  Figure 

3. 1. 1,  6-E,  Arrangement  (1)  in  this  figure  shows  a  simple  straight  solenoid  whose 
greatest  merit  is  case  of  manufacture.  Arrangement  (2)  shows  a  toroid,  which  pro** 
vides  a  satisfactory  filter  inductor  as  the  external  flux  is  almost  nil.  The  distrib¬ 
uted  capAcitance  may  be  satisfactorily  lowj  and,  for  a  given  space  requirement,  it 
provides  a  good  value  of  mductance.  Finally,  arrangement  (3)  is  an  improved  de¬ 
sign  which  makes  excellent  use  of  available  space,  allows  a  very  close-fitting  shield 
to  be  used,  and  has  a  relatively  low  value  of  distributed  capacitance. 


mum 


(1)  Straight 


(2)  Toroid 


(3)  Cup  Core 


Fig,  3,1.  1,6-E  Designs  of  Magnetic  Core  Inductors 


If  the  power  current  is  direct  current,  the  saturation  effects  of  the  load  cur¬ 
rents  must  be  carefully  checked.  In  arrangement  (1),  the  large  airgap,  plus  the 
intrinsic  airgaps  due  to  the  interstices  between  iron  particles  in  the  case  of  powdered 
cores,  generally  prevents  saturation,  A  toroidal  core  of  laminated  strips  must  have 
anairgap  to  prevent  saturation,  A  toroidal  core  of  powdered  iron  may  be  free  from 
saturation  effects  for  moderate  load  currents,  but  may  still  require  an  airgap  for 
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very  Liirge  load  currents.  In  arrangement  (3),  special  care  must  be  taken,  since 
saturation  may  easily  occur.  This  is  particularly  important  should  end-caps  of 
magnetic  material  be  added, 

A  magnetic  slug  in  a  straight  solenoid  will  increase  its  inductance  by  a  factor 
of  about  two  to  four.  The  inductance  of  a  toroid  of  rectangular  cross-section  with 
or  without  intrinsic  airgap,  but  without  external  air  gap,  maybe  found  from  the  equa¬ 
tion, 

L=  0,00508  n2  b  In  (r2/ri)  (3-14) 

where  L  is  the  inductance  in  microhenries,  b  is  the  core  width  in  inches,  is  the 
average  incremental  permeability,  rj  and  rg  are  the  inside  and  outside  radii,  re¬ 
spectively,  and  N  is  the  total  number  of  turns.  See  Figure  3, 1, 1, 6-F,  The  incre¬ 
mental  permeability  must  be  used  because  the  quantity  of  interest  is  the  incremental 
inductance  for  small  alternating  currents  superimposed  on  a  large  direct  current. 
Curves  of  as  a  function  of  the  magnetisation,  H,  in  ampere -turns  per  inch,  are 
plotted  In  Figure  3, 1,1, 6-G,  The  quantity  H  may  be  computed  from  the  equation, 


NI _ NI 

~  ir(rj  +  r^) 


(3-15) 


where  I  is  the  direct  current  in  amperes. 

For  toroids  with  round  cross-section,  the  inductance  is 

L  s  0.0319'n2  p^J  - 

where  r|^  is  the  mean  radius  of  the  toroid  and  b  is  the  radius  of  the  cross-section, 
both  in  inches,  as  shown  in  Figure  3, 1, 1. 6-H, 

Another  design,  which  is  particularly  useful  for  frequencies  above  about  50  me, 
is  shown  in  Figure  3. 1, 1. 6-1,  It  consists  of  a  straight  conductor  surrounded  by  an 
annular  core.  It  is  essentially  equivalent  to  a  one-turn  toroid,  and  Equations  (3-14) 
and  (3-15)  may  be  used  with  N  taken  as  unity.  The  package -ability,  low  voltage  drop 
for  direct  current,  and  extremely  low  capacitance  combine  to  make  this  an  ideal 
design  when  a  very  large  inductance  is  not  required.  The  optimum  inductance  is 
obtained  by  using  several  layers  of, different  material  in  the  annular  core.  The  de¬ 
sign  of  such  an  inductor  may  be  carried  out  with  the  aid  of  the  curves  of  Figure 

a  1  1  T 

It  is  assumed  that  the  outside  diamieter  of  the  core  is  known  from  a  considera¬ 
tion  of  the  available  space.  The  direct  current  determines  the  wire  size  and  thus 
the  inside  diameter  of  the  core.  The  range  of  values  of  H  may  then  be  determined 
from  the  curves  of  Figure  3, 1, 1,6-J,  which  give  the  magnetic  field  intensity  at  any 
arbitrary  distance,  r,  from  th*  center.  The  materials  having  the  largest  p^  may  be 
chosen  from  the  curves  of  Figure  3, 1,1, 6-G,  Note  that  the  intersection  of  two 
curves  on  this  graph  marks  the  value  of  H  for  which  one  material  becomes  better 
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Fig,  3.  J.  i.  6-H  Dimensions  of  Toroid  of  Round  Gross -Section 


Different 

Magnetic 

Material 


Fig.  3.  1,  1. 6-1  High  Frequency  Inductor 


thananather.  Thus,  Figure  3.  1. 1,6-J  may  be  used  to  determine  the  radius  or  radii 
at  which  one  material  should  be  replaced  by  another.  Finally,  the  inductance  per 
unit  length  is  found  by  adding  the  inductance  values  for  the  individual  cores* 


L'  =  0,00508 


( H’di  ^ 

*■  P 


4  c 


.  ) 


(3-17) 


where  L'  is  in  microhenries  per  inch  and  r^^^,  r^^,  and  are  explained  in  Figure 
3,1, 1,6-1. 

As  an  example,  let  it  be  required  to  determine  the  optimum  inductance 
per  tinit  length  of  a  conductor  to  carry  10  amperes  direct  current,  with 
a  maximum  diameter  of  0,6  inches  available  for  the  cere.  From  the 
table  in  Figure  3,  1,  1, 1-F,  a  wire  size  No,  14  is  chosen.  Allowing  a 
hole  of  0,08  inches  in  diameter,  the  radius  of  the  core  varies  from  0,04 
to  0,3  inches.  From  Figure  3. 1, 1.6-J,  this  corresponds  to  a  variation 
in  the  field  intensity,  H,  from  40  to  5.  5  ampere -turns  per  inch.  Figure 
3, 1,  l,6-G  shows  that,  for  H  having  values  below  12  ampere-turns  per 
inch,  material  E  (ferrite)  has  the  highest  incremental  permeability, 
while,  for  H  between  12  and  40,  material  C  (molypermalloy)  should  be 
chosen.  The  value  H  =  12,  from  Figure  3.  1.  1,6-J,  corresponds  to  a 
radius  of  0,14  inches  for  a  current  of  ten  amperes.  Hence,  the  core 
should  consist  of  two  concentric  annular  rings.  The  inner  ring,  with  an 
inner  diameter  of  0,08  inches  and  an  outer  diameter  of  0,28  inches,  is 
made  of  molypermalloy,  and  the  outer  ring,  with  an  inner  diameter  of 
0.28  inches  and  an  outer  diameter  of  0,6  inches,  is  made  of  ferrite.  The 
resultant  inductance  may  be  computed  as  follows; 
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Fig,  3, 1, 1,  6-J  Relation  Between  Radius  From  Center  of  Cylinder  and 
Magnetic  Field  Intensity  for  Different  Currents 
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L*  -  O.uuaOS  0.14  ^  O.O4}  (3-18) 

The  quantity  1x4;^  varies  from  135  to  105  in  the  region  considered.  An 

average  pf  120  may  be  used.  The  quantity  udQ  varies  from  105  to  97. 

An  average  of  101  may  be  used.  With  these  values  the  inductance,  L', 

is  1,11  microhenries  per  inch. 

In  choosing  a  magnetic  core  for  an  inductor,  ths’ee  factors  must  be  considered: 
permeability,  saturation,  and  losses.  When  inductors  are  used  in  networks  that 
must  pass  only  direct  or  very  low  frequency  currents,  the  losses  peed  not  usixally 
be  considered.  The  losses  always  increase  with  frequency,  and  when  all  high  fre¬ 
quencies  are  to  be  suppressed,  losses  are  not  objectionable.  They  are  just  addi¬ 
tional  aids  in  attenuating  the  interfering  currents.  But  in  harmonic-suppression 
filters  or  other  networks  that  m^J^st  pass  radio  frequencies,  low-loss  materials  must 
be  chosen.  Figure  3, 1, 1,  6-G  shows  that  the  ferrites’**  have  the  highest  initial  per¬ 
meability  and  the  lowest  losses  at  200  kc.  However,  they  reach  saturation  very 
quickly,  and  their  losses  Increase  very  rapidly  at  frequencies  above  5  me,  Special 
ferrites  have  been  produced  that  are  useful  at  frequencies  as  high  as  100  me,  but 
their  permeability  is  much  lower.  Cores  of  powdered  iron  or  special  alloys  such 
as  molypermalloy  have  very  low  losses  even  at  very  high  frequencies.  They  are 
not  saturated  easily,  hut  their  initial  permeabilities  are  not  very  high.  They  are 
still  the  best  compromlae  available  when  fairly  high  inductances  and  low  losses  at 
high  frequencies  are  required. 

It  is  often  desirable  to  embed  coreless  inductance  coils  in  plastic  material  in 
order  to  protect  them  from  shock.  When  doiny;  this,  the  heat-conducting  properties 
of  the  material  become  important.  Powdered  quart*  has  been  found  particularly 
useful  since  its  large  heat  ccnductivity  allows  an  increase  of  th®  current  rating,  thus 
permitting  larger  values  of  inductance  without  increase  in  volume, 

^,1.2  SHIELDING 

The  purpose  of  a  shield  is  to  keep  all  radio-interference  energy  bottled  up" 
within  a  specified  region,  or  to  prevent  all  radio-interference  energy  from  enter¬ 
ing  a  specified  region.  The  first  type  is  used  for  ignition  systems*  motors,  and 
other  sources  of  radio  interference.  The  second  type  is  used  for  receivers  or  leads 
leading  to  receivers.  Because  power  for  control  energy  must  always  be  supplied 
or  removed  from  the  region  within  the  shield,  and  because  the  techniques  of  con¬ 
struction  as  well  as  the  ihecessity  for  accessibility  and  serviceability  demand  that 
shields  be  made  of  more  than  one  part,  openings,  seams,  joints,  or  other  discon¬ 
tinuities  muiat  always  be  present.  The  prahlem  of  constructing  an  effective  shield 
has  therefore  two  separate  phases;  One  is  the  prevention  of  the  penetration  of  elec¬ 
tro-magnetic  energy  through  the  shielding  wall  itself,  and  the  other  is  the  prevention 

-~r-rW— 

♦Ferrites  are  mixtures  of  crystalline  iron  oxides  of  ceramic  -  like  structure. 
To  avoid  confusion  with  the  v/ord  "ferrite"  as  used  for  metallic  iron  containing  a 
fractipn  of  one  percent  of  carbon,  the  name  "ferrospinels  "  has  recently  been  sug¬ 
gested  for  these  materials. 
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of  leakage  through  the  discontinuities  in  t;he  shield.  The  second  of  these  two  prob¬ 
lems  -  the  proper  design  of  the  necessary  discontinuities  so  that  effectiveness  of  the 
entire  shield  is  not  impaired  -  requires  the  greater  consideration  and  attention.  Just 
as  a  chain  is  no  stronger  than  its  weakest  link,  a  shield  is  no  more  effective  than 
its  poorest  joint.  The  major  portion  of  the  following  paragraphs  is  devoted  to  the 
principles  and  techniques  employed  in  the  design  of  discontinuities  in  shields  for 
minimum  leakage. 

3.1, 2, 1  SHlELDIjNG  MATERIALS 

The  problem  of  preventing  penetration  through  the  shielding  wall  itself  iscom- 
paratiy^ly  simple.  As  was  pointed  out  in  Paragraph!  LA.  2.  2,  under  certain  sim¬ 
plified  conditions  the  ratio  of  the  electromagneticener  gy  that  has  penetrated  a  shield 
to  that  entering  it,  expressed  in  decibels,  varies  inversely  as  the  thickness  and  the 
square  root  of  the  magnetic  permeability  and  directly  as  the  square  root  of  the  re¬ 
sistivity,  While  shielding  effectiveness  depends  on  other  factors,  such  as  the  imped- 
anceof  the  wave  and  the  geometrical  shape  of  the  shield,  in  a  very  complicated  way, 
this  dependence  can  be  entirely  neglected  provided  that  the  three  factors  mentioned 
above  chosou  large  {or  small)  enough.  This  leads  to  walls  that  may  be  much 
thicker  than  necessary  for  the  desired  degree  of  shielding,  but  usually  not  thicker 
than  necessary  for  mechanical  reasons  whenever  the  shield  must  support  itself  me¬ 
chanically,  hi  the  absence  of  more  detailed  Information  about  the  effect  of  the  other 
factors,  it  is  suggested  that  the  minimum  thickness  of  shielding  material  be  based 
on  an  absorption  loss  of  about  33  db  at  I  me,  In  Appendix  XVI  the  following  ex¬ 
pression  is  developed  for  the  absorption  loss  in  decibels. 


Absorption  Loss  =  3,34  S 


(3-19) 


where  S  is  the  thickness  in  mils,  is  the  frequency  in  megacycles  per  second,  Hy 
is  the  relative  magnetic  permeahility  ( -  I  ^or  all  non-magnetic  materials  )  and 
is  the  conductivity  relative  to  copper  (see  Figure  3, 1,2, 1),  Hence,  the  thickness 
for  about  33  dh  at  I  me  is  given  hy? 


V>^r‘^r 


(3-20) 


This  leads  to  a  minimum  thickness  of  10  mils  for  copper  -  a  choice  that  has  proved 
satisfactory  in  practice , 


When  magnetic  materials  are  used,  care  must  be  exercised  in  the  evaluation 


of  |Jiy  because  it  va  r  ies  with  saturatiGn  and  frequency.  If  the  frequency  is  high  enough, 
the  permeability,  even  of  the  hest  magnetic  materials,  decreases  to  unity.  There¬ 
fore,  the  shielding  effectiveness  of  magnetic  materials,  such  as  steel,  should  he 
carefully  tested  before  using  Equation  (3,-l9>)  or  (3-20)  with  a  value  of  obtained 
from  low-frequency  measurements.  Figure  3,  1,  2, 1  shows  the  minimum  thickness 
of  shielding  recommended  for  several  common  shielding  materials  together  with  their 
relative  conductivities.  The  value  for  steel  is  conservatively  based  on  a  permeability 
of  unity.  In  most  cases  this  thickness  is  insufficient  from  a  mechanical  pointjof  view, 
but  it  is  the  suggested  minimum  when  there  are  no  mechanical  considerations. 
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Metal 

Relative  Conductivity* 

Minimum 
Thickness  in  Mils 

Aluminum 

0.61 

13 

Brass 

0.  25 

20 

Copper 

1.00  ^ 

10 

Magnesium 

0.  37 

16.  5 

Silver 

% 

♦  "W  mS 

iO 

Steel 

0.  035  -0.  Id 

25  -  55 

Tin 

0.  15 

26 

Zinc 

0.  29 

18.5 

Fig,  3.  1.  2.  1  Minimiim  Thickness  Eecomnr? ended  for 
Shielding  for  Metals  Having  Conductivities  Shovsrn 

The  shielding  effectiveness  of  a  solid  metallic  wall  increases  with  frequency 
{except  possibly  for  magnetic  materiads).  Therefore,  measurements  of  this  effec¬ 
tiveness  need  to  be  made  only  at  the  lower  frequencies.  In  facts  it  has  been  found 
in  practice  that,  if  a  particular  material  and  thickness  are  satisfactory  below  20  me, 
they  will  be  satisfactory  above  that  frequency.  This  condition  may  be  vitiated,  how¬ 
ever,  by  the  effect  of  seams,  joints,  or  other  discontinuities.  For  such  discontinu¬ 
ities  the  opposite  is  true;  Their  shielding  effectiveness  decreases  with  frequency 
SO  that  joints  which  are  entirely  satisfactory  at  low  and  medium  frequencies  may  be 
quite  "leaky*'  at  high,  very  high,  or  ultra-high  frequencies. 

Instead  of  solid  metal  walls,  meshes  of  metallic  wires  are  sometimes  used 
for  shielding  purposes.  The  attenuation  of  an  electromagnetic  wave  in  a  mesh  is 
considerably  less  than  that  in  a  solid  screen.  Therefore,  the  principal  shielding 
action  of  a  mesh  is  due  to  reflection.  Tests  have  shown  that  mesh  with  50  percent 
open  area  and  sixty  or  more  strands  per  wavelength  introduces  a  reflection  loss 
very  nearly  equal  to  that  of  a  solid  sheet  of  the  same  material.  For  this  to  be  true, 
it  is  necessary  that  the  mesh  be  so  constructed  that  the  individual  strands  are  per¬ 
manently  joined  at  their  points  of  intersection  by  some  kind  of  fusingprocess  so  that 
good  permanent  electrical  contact  is  made.  Figure  XVI-3  in  Appendix  XVI  shows 
that  reflection  loss  of  a  solid  shield  decreases  with  frequency.  In  addition,  the  re¬ 
flection  loss  in  a  mesh  depends  on  the  number  of  strands  per  wavelength,  and  since 
the  wavelength  decreases  .with  frequency,  the  shielding  effectiveness  of  shes  de¬ 
creases  with  frequency  faster  than  indicated  by  Figure  XVIs3.  Since  the  reflection 
loss  is  also  that  portion  which  is  most  eiffected  by  the  impedance  of  the  wave,  and 
hence  the  configuration  of  the  aource.  it  is  best  to  make  careful  tests  whenever 
meshes  are  to  be  used  for  shielding  rather  than  to  rely  on  theoretical  considerations. 
More  details  on  the  reflection  loss,  absorption  loss,  the  effect  of  the  wave  impedance, 
eind  the  use  of  mesh  shields  are  found  in  Appendices  VIII  and  XVI. 

3. 1.  2.  2  OPENINGS  IN  SHIELDS 

A  case  designed  to  completely  enclose  a  unit  such  as  a  receiver  or  motor  must 
have  openings  and  other  discontinuities  for  the  following  purposes:  to  pass  power, 
control,  and  output  leads;  to  allow  access  for  maintenance  and  servicing;  to  aid  the 
ease  of  manufacture  and  assembly;  and  to  permit  proper  ventilation,  drainage,  and 
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heat  transfer.  Of  these  only  the  considerations  of  ventilation,  i.  e.,  the  circulation 
of  air,  and  drainage  of  any  condensed  moisture  require  actual  openings.  All  the 
other  requirements  can  be  satisfied  with  temporary,  semi -permanent,  or  permanent 
seals. 


Leakage  of  electromagnetic  energy  through  actual  openings  may  be  minimized 
by  controlling  either  the  size  or  the  shape  of  the  holes.  The  amount  of  electromag¬ 
netic  energy  that  canescape  through  a  hole  in  a  shield  is  roughly  proportional  to  the 
size  of  the  hole  provided  that  its  dimensions  are  small  compared  to  a  wavelength. 
This  means  that  the  leakage  can  be  kept  negligible  simply  by  making  the  holes  suf¬ 
ficiently  small.  When  the  only  purpose  of  the  hole  is  the  drainage  of  condensed 
moisture,  a  small  number  of  very  small  holes  of  no  more  than  l/8-inch  diameter 
is  usually  sufficient,  and  the  leakage  through  these  holes  is  negligible  except  in  the 
case  of  extremely  powerful  interference  sources  such  as  ignition  systems  or  radar 
modulators.  For  proper  ventilationi  larger  openings  are  required.  Such  openings 
must  then  be  covered  with  fine -mesh  copper  screen  which  must  be  solderedor  welded 
along  a  continuous  line  around  the  . edge  of  the  opening.  The  type  of  mesh  must  be 
chosen  in  accordance  with  the  principles  explained  in  the  previous  paragraph.  Since 
a  mesh  lor  effective  sluelding  action  has  rarely  more  than  50  percent  open  area,  and 
frequently  less  than  that,  the  size  of  the  opening  must  be  correspondingly  increased 
for  effective  ventilation.  If  the  mesh  must  be  easily  removable,  it  must  be  attached 
with  screws  or  bolts  in  sufficient  number  to  insure  a  high  pressure  contact  along  a 
continuous  line  completely  around  the  edge.  Here,  as  in  other  joints,  maintenance 
constitutes  the  largest  problem.  The  contact  surfaces  must  be  thoroughly  cleaned 
each  time  the  mesh  is  screwed  back  into  place. 

An  alternative  to  reducing  the  size  of  the  openings,  either  by  making  the  holes 
themselves  sufficiently  small  or  by  covering  them  with  metallic  meshes  effectively 
making  many  ssaall  holes  out  of  one  big  one,  is  to  design  the  shape  of  the  openings 
in  such  a  way  that  the  escape  of  electromagnetic  energy  through  them  is  prevented. 
The  most  effective  way  of  doing  this  is  to  surround  the  openings  by  protruding  sleeves 
which,  effectively,  convert  the  openings  into  wave  guides.  To  be  considered  a  wave 
guide,  the  length  of  the  sleeve  should  be  at  least  three  times  its  longest  cross- 
sectional  dimension,  or  three  times  its  diam/eter  if  of  circular  cross-section. 

Wave  guides  act  like  high-pass  filters.  They  pass  without  attenuation  (neg¬ 
lecting  losses  in  the  wadis  and  dielectric)  adl  frequencies  above  the  cut-off  frequency 
and  attenuate  all  frequencies  below  the  cut-off  frequency.  Since  a  particular  wave 
guide  permits  many  modes  of  transmission  of  electromagnetic  waves  through  it, 
there  are  mauiy  cut-off  frequencies  associated  with  each  guide,  one  for  each  mode 
of  transmission.  The  lowest  cut-off  frequencies  for  rectangular  amd  circular  wave 
guides  are  given  by  the  following  expressions; 
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where  is  the  lowest  cut-off  frequency  in  megacycles  per  second,  b  is  the  longer 
inside  dimension  of  the  rectangtilar  guide  in  inches,  and  d  is  the  inside  diameter  o£ 


APPLICATIONS 


SEC.  ii: 


the  circular  guide  in  inches. 

In  a  wave  guide,  the  attenuation  per  unit  length  for  a  wave  below  the  cut-off 
frequency  of  the  wave  guide,  neglecting  dissipation,  is  given  by  the  following  ex¬ 
pression; 

oc  =  43.05463  f  -  1  <3-22) 

where  the  attenuation,  oc  ,  is  in  decibels  per  inch,  and  f  is  the  frequency  in  mega¬ 
cycles  per  second.  When  the  frequency  is  less  than  one  tenth  of  the  cut-off  frequency, 
a  good  appr ©ximation,  independent  of  frequency,  may  be  obtained  in  the  following  form; 

c<  =  (3-23a) 

b 

oc  =  '—  (3-23b) 

d 

for  rectangular  and  circular  guides,  respe.ctively.  Figure  3. 1.  2.  2  shows  a  plot  of 


Fig,  3,  1. 2,  2  Cut-off  Frequency  and  Attenuation  of  Wave  Guides 
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EquatiouiS  (3-23a)  and  (3-23b).  From  these  curves  the  attenuation  per  unit  of  length 
(decibels/ inch)  may  be  read  directly  for  any  size  of  rectangular  or  circular  wave 
guide.  The  same  figure  also  shows  the  cut-off  frequency  ^Equations  (3 -2 la)  and 
(3-21b|ln  each  case,  so  that  the  limit  of  validity  can  be  determined  from  the  same 
figure.' 


For  example,  if  70  dfc  are  required  up  to  at  least  600  me  in  a  circular 
wavegsaids.-  th*  diameter  must  be  no  more  than  1»15  inches  based 

on  a  cut-off  frequency  of  6000  me.  For  that  sii&e,  Ihe  a^nuation  4s  27,S 
db  per  inch,  so  that  about  2.5  inches  of  length  would  apparently  give  70 
db  of  attenuation.  But  remembering  that  the  minimum  ratio  of  length  to 
diameter  is  three,  a  length  of  ihree  inches  should  be  chosen. 

It  is  seen  that,  since  the  minimum  length  is  3b  or  3d,  the  minimum  attenuation  is 
always  at  least  02  or  96  db  for  all  frequencies  up  to  about  one-tenth  of  the  cut-off 
frequency,  A  picture  of  an  end-cap  for  a  direct  current  motor  whose  openings  for 
ventilation  w^re  designed  in  accordance  with  these  considerations,  which  proved  very 
effective  in  actual  tests,  is  »hown  in  Figure  3, 2, 1, 1, 8- A. 

3, 1,2,3  JOINTS 


When  it  becomes  necessary  to  join  together  several  parts  of  a  complete  shieldf 
the  first  cons ideratian  must  be  to  keep  the  number  of  Such  joints  down  to  the  absolute 
minimum*  In  practically  all  cases  where  joints  are  necessary  to  allowease  of  man¬ 
ufacture  and  access  for  maintenance,  the  shield  should  be  constructed  of  no  more 
than  two  parts  having  only  one  joint,  In  some  cases  it  is  most  desirable  to  make  a 
permanent  joint  by  welding  or  soldering  and  sacrifice  accessibility.  This  is  done, 
for  example,  with  ignition  coils  which  arc  sealed  permanently  in  a  metallic  shield. 
When  the  coH  fails,  the  shield  and  coil  are  considered  expendable  and  are  replaced 
as  one  unit.  This  extreme  solution  of  the  problem  of  joint  design  cannot,  of  course, 
^Pply  to  more  complicated  pieces  of  equipment  that  may  require  frequent  servicing* 


When  jointa  are  made,  the  most  important  requirement  is  that  a  continuous 
metal-tQ''metal  contact  be  maintained  along  a  continuous  line,  When  the  pressure 
is  maintained  by  means  of  screws  or  holts,  a  sufficient  number  mxist  housed  to  as¬ 
sure  high  unit  pressure  even  at  the  points  moat  distant,  i,  e, ,  farthest  away,  from 
any  screw  or  holt.  Lack  of  stiffness  of  the  mating  members  is  an  important  factor 
in  producing  distortion  of  the  mating  surfaces,  a  condition  which  results  in  bulging 
and  insufficient  pressure  for  good  electrical  contact.  Flange  and  cover -plate  joints 
should  he  made  circular  wherever  possible  because  of  the  ease  with  which  the  surface 
can  be  machined  either  plane,  grooved,  or  tapered.  An  example  of  a  good  shield 
design  with  a  circular  joint  m  Figures  3, 1 *2, 3— A  and  B  which  show  a  photo¬ 

graph  of  a  generator-regulator  shield  assembly  open,  and  a  similar  assembly,  closed. 
A  retaining  band  is  used  to  maintain  high  unit  pressure  all  around  the  joint. 


A  modification  of  the  taper  or  wedge  cover -plate  design  is  shown  in  Figure 
3. 1.  2,  3-C.  Here  the  shape  of  the  mating  members  assures  positive  contact  along 
two  continuous  lines.  For  thinner  shielding  materials,  when  screws  cannot  be  used 
because  the  members  are  not  stiff  enough  to-  maintain  highpressure between  screws, 
the  ’’paint  can”  cover  illustrated  by  Figure  3. 1.  2.  3-D  gives  good  residts.  It  can  be 
used  only  for  shields  that  need  not  be  designed  for  strength  and  rigidity. 
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Fig.  3.1.2.3-C  Design 
of  a  Tapered  Cover  Plate ^ 


Fig,  3.  1,2,3<“D 
"Paint  Gan"  Cover  Plate 


Fig,  3.  1.  2.4-A  Cover 
Plates  with  Conductive  Gaskets 
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3.1.  2. 4  CONDUCTIVE  GASKETS 

Failure  of  the  flange  and  cover-plate  designs  to  provide  continuous  line  con¬ 
tact  has  necessitated  the  use  of  various  types  of  conductive  gaskets  at  the  interfaces 
of  mating  surfaces.  Two  examples  of  designs  of  cover  plates  using  conductive  gas¬ 
kets  are  shown  in  Figure  3. 1.  2. 4- A. 

The  use  of  conductive  gaskets  in  any  shielding  assembly  is  an  admission  of 
the  inadequacy  of  the  joint  design  u  gentinuous  line  contact  at  all  mating 

surfaces  were  attained,  there  would  be  no  need  for  gaskets  even  for  providing  mois¬ 
ture  and  gas  seals  at  the  joint  interfaces.  Yet,  conducting  gaskets  are  used  in  many 
types  of  shielding  of  present  design  and  consequently  must  be  discussed  in  some 
detaU, 


Any  gasket  must  have  a  degree  of  compressibility  if  it  is  to  conform  to  the 
mating  surfaces.  The  degree  of  conformance. is  largely  dependent  on  the  available 
pressure  and  the  compressibility  of  the  material  of  which  the  gasket  is  maide.  It 
can  safely  be  said  that  there  is  no  one  ideal  gasket  material  for  all  purposes,  but  , 
the  successful  employment  of  any  type  of  gasket  can  be  greatly  improved  if  its  use 
is  properly  taken  into  design  consideration  at  the  outset.  The  introduction  of  a  gas¬ 
ket  at  a  later  date  may  not  be  as  highly  successful. 

Seals  for  radio  interference  reduction  generally  fall  into  one  of  two  classes, 
the  multiple -contact  type  or  the  continuous -contact  type.  A  typical  example  of  the 
former  is  a  Neoprene-impregnated  screen,  and  of  the  latter,  the  foil-wrapped  gas- 
ket,^  Since  gaskets  are  essentially  interposed  in  the  shielding  system,  they  must 
satisfy  the  requisite  degree  of  attenuation.  For  most  metals,  this  can  be  calculated 
from  depth  of  penetration  formulas,  in  gaskets  this  is  difficult  except  for  the  foE- 
wrapped  type*  where  it  is  obvious  that  the  foil  thickness  must  be  that  required  for 
effective  penetration  loss.  In  the  multiple -contact  type,  the  greater  the  number  of 
contacts,  the  more  effective  the  gasket  becomes. 


Conductive  gaskets  ordinarEy  are  used  only  on  the  Eange  and  cover-plate  type 
of  joints.  The  various  types  of  gaskets  either  now  in  use  or  proposed  for  use  are: 

(a)  Metal  screen  impregnated  with  Neoprene  (excess  Neoprene  removed  from 
wire -mesh  surface  by  use  of  abrasives). 

(b)  Metal  foE  over  Coroprene  core. 


(c)  Wire  sleeving  over  Neoprene  core  (for  use  in  slotted  flange  and  cover -plate 
design). 

(d)  Sprayed-metal  Neoprene  gaskets. 


(e)  Aluminum-Maignesium  alloy  crystals  suspended  in  Dov/  Corning  No,  4 
Compound, 


(f)  Serrated  washer-type  metal  gasket, 

(g)  Metal-brush  type  (for  use  in  slotted  flange  and  cover-plate  design). 
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(h)  Alviminum  tubing  filled  with  a  Neoprene  core  (for  use  in  slotted  flange  and 

*  cover-plate  design), 

^  (i)  Conapressed  knitted  wire  mesh  of  copper,  monel,  or  other  metals. 

A  brief  discussion  of  the  above  types  of  conductive  gaskets,  based  on  the  ex¬ 
periences  of  the  Military  Services  and  on  performance  tests  made  by  various  e'^uip- 
ment  manufacturers  follows.  The  letters  refer  to  the  gasket  types  described  above. 

The  wire  sleeving  over  a  Neoprene  core  (a),  the  aluminum  tubmg  filled  with 
a  Neoprene  core  (h),  and  the  knitted  wire  mesh  (i),  for  use  both  in  flange  and  cover 
plates  of  slotted  design,  are  the  most  promising  of  the  several  suggested  types  for 

*  providing  interference-free  service^ 

All  gaskets  that  depend  on  multipoint  contact  for  shielding,  namely,  the  wire 

*  mesh,  Neoprene -impregnated  (a),  the  serrated  metal  washer  (f),  the  metal-brush 
type  (g),  the  Al-Mg  alloy  crystals  (e),  and  the  knitted  wire  mesh  (i),  are  effective 
in  proportion  to  the  density  of  the  points  of  contact,  or  in  other  words,  to  the  degree 
to  which  line  contact  is  approached. 

The  use  of  finely  divided  Al-Mg  alloy  crystals,  while  effective  in  providing 
multipoint  contact,  which  closely  approaches  line  contact  provided  the  space  between 
4  mating  surfaces  is  not  grenter  than  the  crystal  size,  is  not  recommended  by  the 

Military  Services  because  of  the  danger  that  might  be  encountered  should  the  metal 
particles  inadvertently  come  in  contact  with  the  surfaces  of  bearings. 

The  metal-foil  covered  gaskets  (b),  while  suitable  for  use  on  flat  surfaces, 
**  have  caused  trouble  on  curved  surfaces  due  to  buckling  or  breaking  of  the  foil. 

Sprayed-metal  Cor  opr  ene  gaskets  (d)  werefovmd  by  test  to  be  inferior  toother 
gaskets  because  of  the  porosity  of  the  coating; 

The  knitted  wire  mesh  (i)  is  far  superior  to  any  gasket  made  of  woven  mesh. 
It  can  be  made  from  any  metal  or  alloy  that  can  be  drawn  into  wire.  It  can  also  be 
combined  with  a  sealing  medium  such  as  Neoprene  when  hermetic  sealing,  as  well 
\  as  shielding,  is  required. 

Conductive  gaskets  can  be  made  in  practically  any  size  or  shape  to  fit  the  equip¬ 
ment  with  which  it  is  to  be  used.  The  resiliency  and  density  of  the  gasket  material 
can  also  be  varied  according  to  the  requirements  of  each  application.  A  well -designed 
gasket  insures  good  all- around  contact  even  with  appreciable  unevenness  of  the  mat¬ 
ing  surfaces  or  warping.  Special  machining  for  a  close  fit  is  not  required. 

Shielding  gaskets  for  use  in  the  covers  of  sheet-metal  chasses  auid  cabinets 

*  are  available  in  rotmd  strips,  strips  with  one  or  two  fins,  and  double  strips  with  a 
connecting  web  to  meet  varied  installation  requirements.  Typical  examples  of  the 
use  of  these  types  are  shown  in  Figure  3. 1.  2. 4-B. 

When  conductive  gaskets  are  used  with  flange  joints,  the  gasket  should  be 
thicker  than  the  depth  of  the  groove  that  holds  it  to  insure  complete  contact,  as  shown 
in  Figure  3.1.2.4-C.  It  is  also  important  that  the  gasket  be  located  inside  the  flange 
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bolts  to  prevent  leakage  through  the  bolt  holes.  This  is  illustrated  inFigure  3.1.2. 4^D. 

In  choosing  the  material  for  the  conductive  gasket,  the  electrical  conductivity 
is  only  one  of  many  factors  to  be  considered.  For  example,,  gaskets  of  monel  metal 
have  been  found  to  shield  as  effectively,  if  not  better  than,  gaskets  made  of  silver- 
plated  copper .  fc  addition,  monel  metal  gaskets  have  greater  resiliency  for  the  same 
volume  of  metal  and  are  much  more  resistant  to  corrosion.  In  fact,  the  ability  to 
resist  corrosive  action  -  atmospheric  or  galvanic  -  is  often  as  important  as  the  elec¬ 
trical  conductivity. 

In  spite  of  the  many  advantages  of  conductive  gaskets,  it  must  be  remembered 
that  a  joint  with  a  gasket  csin  never  produce  as  good!  a  shield  as  a  good  joint  with 
direct  metal -to -metal  contact.  Tests  have  shown  that  a  gasketed  joint  may  have 
eight  times  the  impedance  of  a  similar  metal -to -metal  joint.  This  is  due  to  the  fact 
that  a  gasketed  joint  comprises  two  joints  in  series  and  may  have  a  useful  contact 
area  of  roughly  one  quarter  of  its  apparent  contact  area.  But  good  direct  joints  are 
very  difficvilt  to  obtain,  and  still  more  difficvilt  to  maintain,  and  in  general  gaskets 
may  improve  the  performance  of  average -to-poor  joints. 

3. 1.  2i  5  JOINT  PRESSUEE 

The  pressure  exerted  on  the  mating  surfaces  of  any  joint  in  a  radio  interference 
shiolci  must  be  of  sufficient  magnitude  to  maintain  line  contact  of  the  mating  metals 
and  to  provide  a  low-impedance  path  at  their  interface.  The  subject  of  pressure  as 
a  function  of  the  quality  of  electrical  contact  is  discussed  in  greater  detail  in  Para¬ 
graph  3  . 1.  2.  6. 

The  problem  of  joint  pressure  in  the  flange  and  cover -plate  type  of  i^shielding 
joint  is  of  great  unportance  because  of  the  comparatively  large  and  irregular  surface 
area  that  must  be  joined  together.  Many  joints  of  this  type,  as  designed  in  the  past, 
have  not  been  satisfactory  with  regard  to  prevention  of  radio  interference  because 
of 


(a)  failure  of  the  joints  to  provide  continuous  line  contact  because  their  mating 
surfaces  were  not  machined  stifficiently  plane.  In  some  instances,  it  was 
necessary  to  scrape  and  lap  the  mating  surfaces  of  this  type  of  joint  in 
order  to  achieve  the  necessary  line  contact, 

(b)  failure  of  the  joints  to  provide  continuous  line  contact  because  their  mat¬ 
ing  surfaces  became  ’'waved"  as  a  resxilt  of  warping  when  pressure  was 
applied  to  the  joint  assembly  by  screws  or  bolts  spaced  at  intervals  along 
the  periphery;  also,  similar  trouble  has  been  encountered  as  a  result  of 
thermal  changes  in  the  joint  assembly.  The  causes  for  this  trouble  can 
be  traced  to  a  lack  of  stiffness  of  the  flange  and  plate  edges  atnd  to  e:.ces- 
sive  distances  between  the  points  of  application  of  pressure,  and, 

(c)  failure  of  the  joint  design  to  provide  suitable  means  for  maintaining  con¬ 
stant  pressure  at  the  mating  surfaces,  especially  during  operation  under 
service  conditions  when  vibration  and  heat  tend  to  loosen  the  fastening 
mechanism  and  reduce  the  joint  pressure. 


APPLICATIONS 


SEC.  HI 


3. 1.  2.  6  CONTACT  IMPEDANCE 

In  the  design  of  joints  in  radio  interference  shields,  there  are  conflicts  be¬ 
tween  mechanical,  electrical,  and  chemical  requirements,  all  of  which  need  care-  « 

ful  consideration  in  view  of  their  close  interrelation.  A  good  design,  as  always,  is  « 

one  that  achieves  the  best  possible  compromise  among  the  various  factors  involved. 

The  impedance  between  two  conductors  that  are  pressed  together  is  in  most 
cases  largely  resistive;  however,  it  can  be  inductive  or  capacitive  depending  on  the 
nature  of  the  joint  and  the  wave  length  involved.  Therefore,  the  general  term  im¬ 
pedance  is  used  to  include  the  cases  of  the  highest  frequencies  and  dimensions.  In 
any  case,  the  total  impedance  across  two  conductors  in  contact  must  be  carefully 
considered  by  the  designer.  It  consists  of  * 

(a)  The  impedance  of  a  major  part  of  the  first  conductor,  in  which  the  current  « 

density  is  aJixtost  constant,  owing  to  the  comparative  remoteness  of  the  ” 

interface. 

(b)  The  impedance  of  the  remainder  of  the  first  conductor  in  the  proximity  of 
the  contact  area  or  areas  where  the  current  density  is  quitd  variable, 

(c)  The  impedance  of  the  film  between  the  conductors  at  their  contact  area  or 

areas.  The  film  may  consist  of  one,  two,  or  three  films  in  series.  Each  « 

contact  surfaqe,  in  general,  has  a  certain  amoimt  of  "bound"  film  dho  to  ^ 

corrosion  or  surface  treatment; 'also  there  is  a  certain  amotint  of  "floating" 
film,  such  as  grease,  not  securely  attached  to  either  contact  surface,  ^ 

However,  bound  films  are  not  always  tenacious,  and  floating  films  some¬ 
times  adhere  firmly.  * 

(d)  The  impedance  of  the  second  conductor  just  beyond  the  interface,  where 

the  current  density  is  quite  variable.  ^ 

(e)  The  impedance  of  the  second  conductor  for  some  distance  beyond  the  inter-  . 
face,  a  region  in  virhich  the  current  density  is  almost  constant. 

In  most  practical  cases,  contact  impedance  consists  mainly  of  "interfacial  ^ 

impedance"  (c)  and  the  combined  ' "constrictional  impedance"  (b)  plus  (d).  Contact 
impedances  are,  therefore,  sensitive  to  a  number  of  factors,  many  of  which  do  not 
prevail  in  ordinary  solid  conduction.  The  factors  to  be  considered  especially  in  de¬ 
signing  shielding  joints  are  (a)  the  conductivity,  hardness,  density,  roughness,  clean¬ 
liness,  and  corrosion-resistance  of  the  materials,  (b)  the  size  and  geometrical  shape 
of  both  mating  surfaces,  -and,  (c)  the  pressure,  that  is,  the  force  per  unit  area  bind¬ 
ing  the  surfaces  together. 

Since  in  most  cases  the  reactive  portion  of  the  impedance  is  very  small  com¬ 
pared  to  the  resistive  component,  it  can  be  neglected  and  the  effective  contact  re¬ 
sistance,  or  reed  part  of  the  impedance,  can  be  approximately  determined  by  the 
equation: 

R  =  KP"^  (3-24) 


3-44 


3, 1.2.6 


CONTACT  IMPEDANCE 


♦ 


\ 


\ 

I 

i 


r 


« 

ft 


X 


«> 


1 


where  R  is  in  ohms,  K  is  constant  for  a  system,  P  is  the  pressure,  and  N  is  an  ex¬ 
ponent  usually  lying  between  0,5  and  2,0,  depending  upon  the  nature  of  the  contact 
surfaces.  The  determination  of  K  and  N  is  somewhat  difficult  because  of  their  inter¬ 
dependency  on  the  materials  and  geometry.  The  test  data  pn  R  as  a  function  of  P 
may  be  plotted  to  great  advantage  on  log-log  graph  paper.  The  resulting  points  ap¬ 
proximate  a  straight  line  of  negative  slops  N, 

Logarithmic  curves  of  R  plotted  as  a  function  of  P  usually  show  ams^’hed  lin¬ 
earity  -  with  erratic  departure  from  a  straight  line  taking  place  only  at  very  low  and 
extremely  high  pressures^  Extremely  rough  or  warped  surfaces  show  a  very  high 
contact  resistance  at  low  pressure,  but  a  rapid  decrease  in  resistance  with  added 
pressure.  Such  surfaces  at  first  may  touch  at  tonly  two  or  three  points,  but  due  to 
high  unit  pressure,  these  points  are  eventually  depressed,  permitting  other  points 
to  make  contact,  Extrem.ely  smooth  or  lapped  surfaces  also  show  very  high  contact 
resistance  at  low  pressure,  but  their  decrease  in  resistance  with  added  pressure  is 
less  marked.  Such  surfaces  may,  at  first,  engage  filrps  of  corrosion,  oil»  air,  apd 
water,  all  of  which  are  difficult  to  eliminate  with  low  unit  pressure. 


Theory  and  experience  indicate  that  the  best  contact  surface  is  a  slightly  iroughi 
though  clean,  surface.  It  has  been  noted  that  highly  polished  platipum  coptact  poipts» 
often  used  in  breaker  assemblies,  operate  best  after  a  brief  run-in  period.  The  pre¬ 
ferred  range  of  roughness  must  be  determined  in  various  cases.  It  should  not  b®  ao 
rovtgh  as  to  cause  severe  aiy  leakage  around  an  pngasketed  joipt,  A  surface  jpay 
not  actually  appear  rough  except  under  a  magnifying  glass,  bistrunuents  a^e  avail¬ 
able  for  the  measurement  of  roughness,  but  it  ’^•fgbt  h®  upwise  and  unnecessary  tp 
attempt  to  use  them  in  production  testing  because  once  a  satisfactory  range  of  rough¬ 
ness  has  been  determined,  it  is  not  difficult  to  specify  a  control  standard. 

In  the  design  of  shielding  joints,  ap  important  question  arises  as  to  whether 
or  not  any  particular  flange  width  or  area  results  in  a  minimupi  direct  eprfent  re¬ 
sistance  when  the  clamping  force  is  constant*  This  question  may  be  approached  ana¬ 
lytically,  The  measured  resistance  R  Of  a  metallic  conductor  is  directly  proportional 
to  the  length  L  of  the  conductor  and  inversely  proportional  to  its  cross- sectional 
area  A.  Introducing  a  constant  of  proportionality,  yo  ,  called  th®  resistivity  of  th® 
metal,  permits  expressing  the  measured  resistance  as; 

R  =  ^L/A  (3-25) 

For  the  case  in  question,  p  refers  to  the  joint  itself  rather  than  to  the  metal  at  efther 
side.  The  length  L  refers  to  the  thickness  of  the  interstice  between  the  mating  sur¬ 
faces,  and  A  refers  to  the  actual  cross-sectional  area,  even  though  all  of  ft  does 
not  effectively  conduct  current.  Obviously,  the  values  of  p  and  L  depend  primarily 
on  the  nature  of  the  mating  surfaces  and  are  independent  of  the  area  A.  AU  three 
factors  on  the  right  side  of  Equation  (3-25)  are  actually  functions  of  the  pressure 
but  A,  as  defined  for  this  case,  changes  a  negligible  amount  with  pressure*  There¬ 
fore  Equation  (3-25)  can  be  written  as: 

R  =  f(P)/A  (3-26) 

where  the  function,  f  (P),  accounts  for  the  change  in p  and  L  with  pressure.  Equa¬ 
tion  (3-24),  derived  empirically,  accounts  for  the  change  of  these  two  factors  with 
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pressiire  by  the  value  of  the  exponent  N, 

The  problem  is  to  determine  theeffectof  a  change  in  the  actual  cross-sectional 
area  A  on  the  measured  resistance  R  when  the  force  F  holding  two  mating  surfaces 
together  is  kept  constant,  all  surface  conditions  remaining  the  same.  Analogy  to 
Equation  (3-26)  shows  that  K  of  Equation  <3-24)  is,  in  general,  a  function  of  the  area 
A,  Since  the  resistance  is  inversely  proportional  to  A,  as  seen  from  Equation  (3-26), 
the  function  iK  must  be  .equal  to  K’/A,  where  K*  is  a  true  constant  independentof  both 
the  area  and  the  pressure-  J£  F  is  the  constant  force,  the  pressure  P  is  F/A,  Sub¬ 
stitution  of  these  expr^essipns  into  Equation  (3-24)  gives; 

R  -  j-*  (j)  K»F”^  A^’^  (3-27) 

It  follows  then,  for  a  constant  F,  that  R  is  independent  of  A  when  N  =  I,  increases 
as  A  increases  when  ]N>1|  and  increases  as  A  decreases  when  Nd, 

Thig  means  that  the  Qange  width  has  no  effect  on  the  direct  current  resistance 
when  th»  total  clamping  force  is  constant,  providing  the  log-log  curve  (abscissa  and 
ordinate  having  same  scale)  pf  R  plotted  as  a  function  of  P  has  a  slope,  If  the 
slope  exceeds  45^,  as  in  the  case  of  very  sharp  or  rough  surfaces,  such  as  the  per- 
lorated  steel’-core  gasket,  the  flange  width  should  be,  smalt,:  If  the  slope  is  less 
tban  less  than  l),  as  in  the  case  of  alj  other  gaskets  and  all  surfaces  not  cov¬ 

ered  with  metal  paint,  the  flange  width  should  he  large.  As  H  approaches  aero,  an 
increase  m  clamping  force  is  less  effective  than  a  corresponding  increase  in  area 
in  reducing  resistance.  When  N  varies  from  P«fi  to  0,  the  effect  of  area  changes 
from  an  inverse  square  root  to  an  inverse  proportion" (as  in  wire  conductors), 

As  a  general  design  consideration  for  interference -free  operationi  it  is  well 
to  keep  in  mind  that  the  direct  current  resistance  of  oracticallv  all  contacts  is  re¬ 
duced  by  the  use  of  wider  contact  surfaces;  however,  radio  frequency  impedance  is 
not  proportionately  reduced,  and  gaskets,  when  used,  mav  be  less  satisfactory.  A 
narrow  contact  is  generally  a  good  contact  because  it  has  high  unit  pressure.  It  thus 
promotes  good  shielding  if  it  is  wide  enough  to  pass  substantially  all  of  the  radio 
frequency  currents, 

3. 1.2.7  CORROSION 

Corrosion  is  a  very  important  factor  in  the  choice  of  design  of  shielding  joints 
for  permanent  interference -free  operation.  Corrosion  is  a  chennical  action  or  effect 
whereby  ntetals  are  gradually  disintegrated  and  converted  to  high-resistance  com¬ 
pounds.  Exposure  to  ordinary  air  results  in  surface  corrosion  on  all  but  a  few  met¬ 
als,  Corrosion  may  be  avoided  by  the  extensive  use  of  protective  coatings,  such  as 
paint,  varnish,  lacquer,  or  grease,  and  chenaical  treatment. 

One  of  the  best  protections  for  magnesium  is  a  chemical  treatment,  known  as 
Eow  No.  7  or  sodium  dichromate  treatment.  This  1  treatnient  results  in  very  high 
resistance  at  electrical  joints,  and  thus  is  objectionable  in  radio  shielding  applica¬ 
tions.  Moderate  protection  of  magnesium,  together  with  reasonable  contact  resist¬ 
ance,  is  afforded  by  another  chemical  treatment  known  as  the  Dow  No.  1  chrome  -pickle 
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treatment.  This  is  a  brief-dip  process,  long  used  as  standard  practice  for  the  pro¬ 
tection  of  unfinished  parts  and  as  a  base  for  subsequent  paint  coats. 

Untilthe  advent  of  VHF  radio  equipment,  Dow  No.  7  treatments  were  not  parti¬ 
cularly  troublesome.  However,  as  a  result  of  recent  radio  interference  troubles, 
these  coatings  were  removed  at  the  radio  shielding  joints  by  abrasion,  and  light  coat¬ 
ings  of  white  petrolatum  were  substituted  for  whatever  amount  of  corrosion  protec¬ 
tion  they  might  afford.  Eiepericnce  with  magnesium  joints  thus  treated  has  shown, 
that  with  reasonable  care,  the  sanding  of  joints  did  little  harm  to  bearings,  gears, 
and  dielectric  parts  and  that  the  petrolatum  offered  fair  protection  against  corro¬ 
sion  without  insulating  the  joints.  Unless  subjected  to  salt  spray,  these  almost  un¬ 
protected  magnesium  surfaces  withstand  rugged  field  service  with  no  more  corro*> 
sion  in  evidence  than  that  usually  seen  on  solder  or  lead. 

Investigations  of  improved  methods  of  surface  treatment  to  solve  the  combined 
problems  of  corrosion  and  contact  resistance  lead  to  the  following  observations: 

(a)  Dow  Np,  I  treatment  is  a  good  temporary  compromise. 

(b)  Various  metal  paints,  such  as  ”Metal-X'',  '’Alumilastic",  '»Alkyd  Graphite 
Varnish",  and  powdered -metal  lacquers  have  been  investigated,  but  none 
have  been  found  to  possess  high  enough  conductivity  for  use  in  radio  shield- 
ing  applications.  On  the  other  hand,  greases  containing  metal  powders 
(such  as  DC-52)  are  good  conductors,  but  have  a  serious  disadvantage  in 
most  practical  applications  where  these  are  adjacent  rotary  parts  and  di¬ 
electric  material. 

(c)  The  plating  of  nonconductors,  such  as  gasket  mate  rial,  and  of  metals,  such 
as  magnesium  and  stainless  steel,  which  have  poor  adhesion  to  platings, 
has  shownthatthe  plated  surfaces  are  never  quite  impervious  to  moisture, 
and  thus,  when  two  dissimilar  metals  are  in  contact  with  an  electrolyte, 
serious  corrosion  may  eventually  occur.  Corrosion  would  take  place  rap¬ 
idly  in  the  case  of  niqkel-plated  magnesium  exposed  to  the  atmosphere. 
After  a  slight  amount  of  corrosion  sets  in,  most  plated  surfaces  tend  to 
peel  off,  especially  when  severe  mechanical  conditions  are  imposed. 

(d)  Metal  sprays  are  subject  to  some  of  the  Same  limitations  as  electroplat¬ 
ing,  but  they  may  be  very  adherent  and  highly  conductive. 

(e)  Iridite  No.  14,  a  recently  developed  chromate  process,  provides  an  effec¬ 
tive  corrosion  resistant  finish,  acceptable  under  many  Armed  Services 
specifications,  for  aluminum  and  its  alloys.  It  can  be  applied  to  shields, 
mounting  brackets,  wave  guides,  connecting  plugs,  etc. ,  without  appre¬ 
ciably  interfering  with  electrical  contact  because  films  of  Iridite  No.  14 
offer  low  resistance  to  direct  and  to  low  or  high  frequency  alternating  cur¬ 
rents,  In  addition,  Iridite  No.  14  provides  an  extremely  tight  paint-bond 
for  either  baked  or  air-dried  paints  and  prevents  the  penetration  of  mois¬ 
ture  to  the  base  surface  through  the  pores  in  the  paint.  Because  of  the 
above  properties  and  its  ease  of  application,  Iridite  No.  14  is  replacing 
electrolytic  anodizing  in  many  applications. 
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Qalv^inic  corrosion  may  occur  i  two  or  more  kinds  of  metal  are  united  in 
one  assembly  in  the  presence  of  moisture.  In  such  galvanic  couples,  the  corrosion 
of  one  metal  is  accelerated  while  the  other  metal  corrodes  less  or  not  at  all. 

It  is  often  necessary  to  combine  unlike  metals  because  of  shortages  and  of  var¬ 
ious  design  requirements.  Combinations  such  as  silver  and  platinum,  copper  and 
monel,  cadmium  and  steel,  are  known  by  experience  to  be  quite  compatible.  New 
combinations  of  metals  may  be  considered,  in  which  cases  little  corrosion  data  may 
be  available.  Fortunately,  it  is  still  possible  to  anticipate,  and  thus  avoid  serious 
galvanic  corrosion,  without  resorting  to  lengthy  field  and  isboratory  tests. 

The  first  principle  to  observe  is  that  joined  metals  should  lie  close  together 
in  the  electromotive  force  scries.  (See  Paragraph  3.1.3. 1).  Thus,  magnesium 
should  not  be  joined  to  brass  or  hickelas  these  combinations  cause  excessive  corro¬ 
sion  of  the  inagnesium.  Ccrtaxn  aluminum  alloys  combine  harmlessly  with  magne¬ 
sium. 


If  the  first  principle  cannot  be  strictly  followed,  then  the  second  principle  to 
observe  is  that  the  joined  metals  should  be  of  such  relative  sizes  that  the  attacked 
metal  is  the  more  abundant.  For  example,  iron  bolts  on  magnesium  castings  are 
fairly  satisfactory,  whereas  aluminum  rivets  on  brass  plates  are  quite  unsatisfac¬ 
tory.  In  the  first  instance,  it  is  wia:e_to  cadmium -plate  the  iron  and  to  chrome- 
pickle  the  magnesium.  A  third  principle  to  observe  is  that  joints  should  be  kept 
tight  and  well  coated  in  order  to  bar  the  entrance  or  exit  of  liquids  and  gases.  A 
galvanic  cell  is  powerless  without  moisture.  It  is  also  enfeebled  (polarized)  when 
the  electrodes  are  coated  with  gas  that  cannot  escape. 

A  fourth  principle,  often  very  useful,  is  generally  inapplicable  in  the  case  of 
radio  shielding  joints.  This  principle  requires  the  insulation  of  the  joints  wherever 
possible.  Although  solid  insulation  may  he  out  of  the  question,  there  is  no  real  ob¬ 
jection  to  the  use  of  semisolids  such  as  petrolatum,  which  can  insulate  only  those 
portions  of  the  joints  that  cannot  make  contact  anyway.  Moreover,  any  protruding 
metal  particles  that  meet  are  incapable  of  producing  galvanic  currents  so  long  as 
moisture  is  kept  from  them  by  the  semisolid.  Naturally,  in  preventing  cor:fosion, 
the  contact  impedance  is  kept  low  for  a  long  period  of  time. 

While  the  problems  of  corrosion  and  contact  impedance  are  not  yet  fully  solved, 
and  until  further  research  provides  other  materials  with  which  to  raise  corrosion 
resistance  while  lowering  contact  resistance,  the  designer  mayv  eH,  consider  the  use 
of  bare  metal  surfaces  for  shielding  joints  or  chrome -pickled  5  faces  upon  which 
is  applied  an  inhibiting  grease,  having  low  surface  tension  suitable  chemical 
propi^elrties  as  discussed  above. 

3. 1.  2.  8  SOLDERED  JOINTS 

The  corrosion  problem  is  ever  present  in  soldering.  Corroded  surfaces  are 
difficult  to  solder,  and  soldering  usually  results  in  corroded  surfaces,  unless  resin 
is  used  as  a  soldering  flux.  Three  types  of  fluxes,  namely,  the  chloride,  organic 
acid  (waxes),  and  organic  base  types,  are  all  corrosive,  diffexdng  in,  their  rate  of 
attack  rather  than  in  the  end  effects.  The  grease-paste  emulsion  of  salt  oxacid  con¬ 
tent  is  little  better  than  its  fluxing  ingredient,  although  it  may  be  more  conveniently 


3-48 


3.  1.2.9 


MAINTENANCE 


t 


*} 


* 


t' 


t 


f 


t. 


4. 

ir 


applied.  The  cooling  grease  may  limit  the  travel  of  the  liquid  flux,  but  it  does  not 
prevent  internal  corrosion  of  the  affected  parts,  an  action  which  may  proceed  even 
in  the  absence  of  air  or  external  moisture.  Resin,  ©n  the  other  hand,  is  noncorro¬ 
sive  because  it  is  a  solid  that  is  quite  impervious  to  liquids  and  gases.  For  this 
reason,  electrical  joints  between  small  clean  metal  parts  are  usually  made  with  res¬ 
in  flux  which  may  be  applied  as  a  core  within  solder  wire. 

Even  a  good  soldered  joint  is  likely  to  exhibit  an  appreciable  contact  resist¬ 
ance.  Grade  A  solder  has  a  conductivity  of  about  12,2  percent.  Thus  an  ideal  sol¬ 
dered  joint  is  never  as  good  a  conductor  aS  a  brazed  or  welded  joint. 


3. 1.2.9  MAINTENANCE 

The  matter  of  clfeanlineas  is  perhaps  the  most  important,  yet  least  understood, 
factor  in  a  good  joint.  An  article  may  appear  physically  clean  when  wiped  with  a 
"not -too -dirty *'cloth.  It  may  be  chemically  clean  when  subjected  to  alkaline  cleans¬ 
ers,  solvents,  or  chromic  acid.  However,  metal  surfaces  are  not  electrically  clean 
unle- «  they  make  good  contact,  a  condition  exceedingly  difficult  to  prescribe  or  de¬ 
tect. 

I 

The  wiping  blades  of  a  switch  may  be  electrically  clean  although  coated  with 
grease.  They_maY  be  electrically  dirty  when  bearing  an  invisible  film  of  oil.  Mag¬ 
nesium  may  be  electrically  clean  wbien  chrome -pickled  (Dow  No,  I  treatwienf]i  and 
electrically  dirty  when  polished  with  a  fine  abrasive  cloth  a  few  hours  previously. 
Thus,  the  use  of  certain  greases  between  mating  surfaces  may  provide  excellent  en¬ 
during  contacts  because  they  inhibit  corrosion,  exclude  foreign  matter,  and  have 
low  surface  tension,  permitting  the  intimate  association  of  adjacent  metal  surface 
particles. 

The  great  difficulties  in  maintaining  a  joint  electrically  clean  necessitate  a 
continued  search  for  types  of  joints  that  will  maintain  their  electrical  properties  un¬ 
changed  with  time  and  repeated  use.  Impi'oper  or  insufficient  maintenance  of  shield¬ 
ing  joints  is  one  of  the  largest  single  causes  of  radio  interference,  observed  in  the 
field,  in  equipment  that  was  found  satisfactory  in  the  laboratory.  Many  times,  the 
cleaning  of  a  mating  surface,  or  an  additional  turn  of  a  screw  that  seemed  tight  hut 
was  not,  is  all  that  is  required  to  eliminate  a  major  source  of  interference. 


3.  1.  2.  10  RIGID  CONDUIT 


Rigid  conduit  is  rarely  used  for  shielding  purposes  only,  since  damage  to  it 
by  enemy  gunfire  requires  too  time-consuming  repairs  or  entire  replacement.  When 
the  use  of  rigid  conduit  is  necessitated  for  other  reasons,  its  incidental  shielding 
properties  may,  of  course,  be  utilized.  Rigid  conduit  is  usually  made  of  aluminum 
or  aluminum  alloy  having  a  wall  thickness  of  at  least  22  mils.  A  solid  aluminum  wall 
introduces  an  attenuation  due  to  absorption  of  2.6  db  per  mil  to  a  plane  electromag¬ 
netic  wave  at  a  frequency  of  1  megacycle.  Thus,  22  mils  of  aluminum  gives  an  at¬ 
tenuation  of  about  57  db  and  this  value  may  also  be  used,  approximately,  for  a  cylin¬ 
drical  shield.  To  this  must  be  added  the  losses  due  to  reflection,  which  depend  on 
many  factors,  such  as  the  number  and  position  of  the  wires  within  and  the  shape  of 
the  conduit.  The  attenuation  due  to  absorption  increases  as  the  square  root  of  the 
frequency,  so  that  at  100  megacycles  the  attenuation  is  at  least  570  db.  Thus,  it  is 
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seen  that  any  rigid  conduit  that  satisfies  all  mechanical  requirements  usually  is  also 
adequate  for  shielding,  except  possibly  for  shielding  very  strong  interfering  currents 
of  low  frequencies.  In  this  last  case,  it  may  be  necessary  to  require  conduit  walls 
somewhat  thicker  than  those  demanded  by  purely  mechanical  considerations. 

Bends  in  rigid  conduit  do  not  affect  its  shielding  properties  provided  that  the 
metal  is  not  damaged  in  any  way  during  the  process  of  bending.  Fittings  at  the  end 
of  the  conduit  require  special  considerations  if  shielding  effectiveness  is  not  to  be 
imT^is^d,  These  will  be  discussed  later  in  Paragraph  3,1,2,  12, 

3, 1. 2, 1 1  FLEXIBLE  CONDUIt 

Since  flexible  conduit  is  relatively  heavy  and  expensive,  its  use  should  be  held 
to  a  minimum.  Yet,  there  arc  conditions  that  require  the  use  of  flexible  conduit,  and 
these  conditions  exist  quite  frequently  in  connection  with  radio  interference  shielding, 
flexible  shielding  conduit  must  be  used  whenever: 

(a)  the  ends  of  the  conduit  have  an  appreciable  relative  movement,  such  as  the 
conduit  leading  to  shock- mounted  equipment, 

(b)  shielding  conduit  is  required  at  removable  plugs, 


(c)  conduit  is  required  at  equipment  subject  to  frequency  removal,  and 

(d)  conduit  is  required  in  the  engine-  section  wiring  subject  to  large  vibrations. 

The  most  important  examples  of  the  use  of  flexible  conduit  for  radio  interference 
abielding  are  the  antenna  lead-in  of  receivers,  the  wiring  between  different  units  of 
radar  systems,  and  the  leads  to  the  spark  plugs  in  ignition  systems. 

Flexible  shielding  conduit  is  made  of  strip  metal  formed  either  into  spiral  bel¬ 
lows  or  into  scjme  other  kind  of  spiral  that  allows  interlocking  of  adjacent  strips.  It 
may  be  either  soldered  at  the  seams  or  allowed  to  provide  sliding  action  between 
turns.  For  more  effective  shielding,  it  may  be  covered  with  one  or  more  layers  of 
woven  metal  braid.  One  or  more  layers  of  metal  braid  may  also  be  used  alone  with¬ 
out  any  metallic  tubing  inside.  If  so,  stiffness  is  provided  entirely  by  the  wires  car¬ 
ried  inside  the  braid.  It  is  obvious  from  the  method  of  construction  that  flexible 
shielding  is  relatively  "porous"  as  compared  to  metal  tubing.  It  is  found,  as  would 
be  expected,  that  for  the  same  weight  and  kind  of  metal  a  seamless  metallic  tube  has 
greater  shielding  effectiveness  than  a  flexible  one. 

Leakage  of  electromagnetic  energy  from  flexible  conduit  is  of  two  distinct  types: 
the  penetration  through  the  metal,  called  ''penetration-leakage",  and  the  escape 
through  breaks,  joints,  or  openings,  called  "opening-leakage".  Penetration- leakage 
decreases  with  frequency  while  opening-leakage  usually  increases  with  frequency. 
Both  are  present  simultaneously,  but  the  first  is  negligible  at  higher  frequencies 
while  the  Second  is  usually  negligible  at  lower  frequencies.  Total  leakage  plotted 
as  a  function  of  frequency  usually  follows  a  curve  as  shown  in  Figure  3, 1,2, 11 -A, 
The  slope  at  low  frequencies  is  determined  by  the  thickness  of  the  metal,  the  slope 
at  high  frequencies  by  the  size  and  shape  of  the  openings,  and  the  position  of  the 
minimxim,  which  is  characteristic  of  practically  all  flexible  conduits,  is  determined 
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by  the  design  details. 

The  bellow  construction  {usually  of  soft  brass)  with  soldered  seams  really  has 
no  openings  and  could,  therefore,  be  considered  ’’electrically  tight”.  However,  since 
the  conductivity  of  solder  is  much  less  than  that  of  brass,  the  shielding  effective¬ 
ness  is  greatly  reduced.  Interlocked  Hexible  metal  hose,  made  by  winding  a  suitably 
formed  metal  strip  on  an  arbor  and  folding  the  edges  in,  as  shown  in  Figure  3, 1,2,11 -B, 
has  been  widely  used  commercially  in  the  manufacture  of  flexible  tubing  for  shielding 
conduits.  This  construction  provides  three  parallel  metal-te-metal  sliding  Joints 
between  adjacent  convolutions,  Propsirly  znade,  this  type  of  hose  provides  excellent 
flexibility,  long  life  under  vibration,  considerable  ruggedness,  and  a  very  substan¬ 
tial  degree  of  shielding.  Compared  with  soldered- convoluted  and  seamless  corru¬ 
gated  types  of  flexible  metal  hose,  it  has  definite  advantages  with  respect  to  shield¬ 
ing  properties  at  the  lower  frequencies,  This  follows  because,  with  the  interlocked 
construction,  it  is  possible  to  employ  a  much  heavier  gauge  metal  and  still  retain 
Hexibility,  Furthermore,  the  strip  is  folded  over  in  such  a  manner  that  the  wall  of 
the  hose  is  composed  of  four  thicknesses  of  metal,  except  between  convolutions. 


Fig,  3.  1.  2. 11-A  Leakage  from  Typical  Flexible  Conduit 
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Fig.  3.  1.2.  li-B  Construction  of  Interlocked  Flexible  Metal  Hose 

The  interlocked  construction,  however,  depends  for  its  effectiveness  on  the 
attainment  of  good  electrical  contact  between  adjacent  convolutions.  If  the  contact 
is  poor,  relatively  large  opening-leakage  results,  which  impairs  the  shielding  ef¬ 
fectiveness  at  the  higher  frequencies,  A  seamless  hose  or  a  properly  made  soldered- 
convoluted  hose,  on  the  other  hand,  does  not  suffer  from  this  drawback.  Because 
of  its  excellent  mechanical  characteristics  and  low  frequency  shielding  superiority, 
interlocked  hose  is  attractive  to  the  designer  of  flexible  shielding  conduit.  The  only 
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real  problem  is  that  of  obtaining  and  maintaining  ( throughout  the  useful  life  of  the 
conduit)  good  electrical  contact  between  convolutions. 

In  manufacturing  interlocked  hose,  aluminum  strip  is  sometimes  employed. 
Aluminum  is  desirable  from  a  weight  standpoint,  particularly  for  aircraft  applica¬ 
tions,  But  aluminum  is  a  notoriously  poor  contact  metal.  Insulating  films  form  on 
aluminum  surfaces  almost  immediately  upon  exposure  to  the  atmosphere.  This  is 
what  makes  soldering  of  aluminum  so  difficiilt  and  also  why  it  is  poorly  suited  for 
fabricaticn  of  interlocked  hose  for  shielding  purposes.  Bronze  and  copper  are  found 
better  in  this  respect.  But  even  these  tarnish  rather  quickly  and  the  hose  loacc  itc 
effectiveness.  Stainless  steel  of  the  so-called  '•magnetic"  variety  is  found  to  be 
usable  and  is  adopted  commercially  in  a  few  cases.  It  has  definite  mechanical  ad¬ 
vantages  over  copper  and  bronze  and  is  highly  resistant  to  corrosion.  But  it  is  not 
a  particularly  good  contact  metal.  Therefore,  it  is  found  difficult  to  manufacture 
satisfactory  shielding  hose  from  this  metal. 

Various  coatings  may  be  applied  on  the  strip  with  a  view  to  improving  convolu¬ 
tion  contact.  Silver  is  effective  hut  tends  to  be  costly.  It  is  possible  to  apply  tin  to 
stainless  steel  strip  and  produce  a  very  much  improved  hose.  This  development 
results  in  the  type  of  ignition  conduit  known  as  HTCD,  which  has  been  widely  used, 
decent  investigations  have  shown  that  further  improvements  may  be  achieved  by 
substituting  tin- coated  cold-r oiled  steel  for  the  tin- coated  stainless  steel  commonly 
used.  The  improvement  observed  is  apparently  due  to  the  much  higher  magnetic 
permeability  of  the  co'id-roUed  steel.  However,  these  observations  are  based  on 
tests  performed  at  frequencies  from  50  kilocycles  to  12  megacycles,  and  little  is 
known  about  the  behavior  at  frequencies  above  12  megacycles. 

The  designer  must  be  warned  against  the  use  of  interlocked  metal  hose  with  an 
insulating  cord  j»icking  which  has  been  widely  used  for  various  applications  .  Because 
the  insulating  packing,  wound  into  the  convolutions,  prevents  electrical  contact  be¬ 
tween  adjacent  strips,  large  effective  openings  are  present  and  the  shielding  pro¬ 
perties  at  high  frequencies  are  very  poor. 

The  use  of  tightly  woven  metal  braid  to  cover  the  flexible  hose  is  to  be  recom¬ 
mended  when  the  hose  alone  does  not  give  sufficient  attenuation.  At  low  frequencies 
(below  1  me),  about  45  db  additional  attenuation  may  be  expected  from  one  layer  of 
braid,  but  only  about  25  db  more  (a  total  of  70  db)  from  a  second  layer.  At  higher 
frequencies,  each  layer  contributes  approximately  the  same  amount  of  attenuation, 
and  adouble  layer  may  be  expected  to  give  as  much  as  90  db  of  additional  attenuation. 

The  shielding  effectiveness  of  various  types  of  flexible  conduit  for  frequencies 
from  50  kilocycles  to  12  megacycles  is  plotted  in  Figure  3,  1,2.  11-C,  Here  shield¬ 
ing  effectiveness  is  measured  in  terms  of  the  surface  transfer  impedance  (see  Ap¬ 
pendix  XI),  For  proper  interpretation,  it  must  be  remembered  that  alow  impedance 
means  good  shielding  effectiveness  and  a  high  impedance  means  poor  shielding  ef¬ 
fectiveness,  The  construction  of  these  types  is  described  in  Figure  3,1.2,11-D, 

While  a  search  for  improved  types  of  flexible  shielding  conduit  with  minimum 
weight  continues,  it  may  be  said  that,  for  those  applications  where  a  large  degree  of 
shielding  is  required  (as  in  ignition  and  radar  systems),  a  convoluted  type  of  hose 
with  two  braids  should  be  used  with  special  attention  given  to  good  electrical  contact 
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between  adjacent  convolutions.  When  a  lesser  degree  of  shielding  suffices,  a  single 
braid  may  be  used.  If  effective  shielding  at  the  lower  frequencies  is  especially  im¬ 
portant,  the  use  of  magnetic  material  such  as  cold- rolled  steel  is  recommended* 
In  all  cases,  good  electrical  contact  between  adjacent  convolutions  is  more  important 
than  low  resistivity  of  the  shielding  material.  As  always,  the  maintenance  problem 
is  ever  present.  It  is  not  sufficient  that  good  electrical  contact  exist  initially  -  it 
must  be  maintained  under  all  service  conditions. 

As  with  rigid  conduit,  fittings  and  connectors  poae  special  problems*  These 
will  be  discussed  in  the  next  paragraph. 

3, 1. 2, 12  FITTINGS  ANID  CONNECTORS 

In  fittings  and  connectors  used  to  terminate  either  rigid  or  flexible  condpit, 
the  most  important  consideration,  from  a  radio- interference  point  of  view,  is  that 
of  obtaining  and  maintaining  continuous  line  contact  between  the  mating  members. 
The  problems  are  the  same  as  in  the  design  of  joints.  Maintenance  is  usually  the 
more  difficult  aspect  of  the  two. 

In  joining  the  connector  to  the  conduit,  the  metal  tube  or  hose,  ap  well  as  the 
covering  braid  or  braids,  if  used,  must  be  welded  or  brazed  to  the  metal  housing  of 
the  connector  in  order  to  insure  good  permanent  electrical  contact.  Great  attention 
must  be  given  to  mechanical  strength,  particularly  with  flexible  conduits,  because 
the  points  of  maximum  flexure  are  usually  adjacent  to  the  connectors. 

The  mti^ting  members  of  the  connectors  must  be  designed  to  provide  a  high 
pressure  contact  along  a  continuous  line  even  under  a  slight  misaligntnent  of  the 
shielding  components.  Tapered  or  wedge-shaped  designs  have  been  found  satisfac¬ 
tory,  and  the  conical,  or  spherical  type  shown  in  Figure  3, 1,2, 12,  gives  excellent 
results  even  under  adverse  service  conditions.  It  should  be  emphasized  that  psac- 
tically  all  connectors  which  rely  for  electrical  contact  entirely  on  the  high  pressure 
between  the  threads  of  AN  connectors  have  been  found  unsatisfactory  in  service. 


Figure  3,  1,2,  12  Disassembled  Spherical-Type  Connector 
for  Flexible  Shielding  Conduit 
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3.1.2.13  ANTENNA  RELAY  SHIELDING 

One  o'f  the  most  important  examples  of  the  application  of  shielding  principles 
is  the  shielding  of  a  receiver  system.  If  a  receiver  has  its  own  exclusive  antenna, 
the  receiver  system  consists  only  of  the  receiver  proper,  the  antenna  lead-in,  and 
the  antenna.  But  if  the  same  antenna  is  shared  by  several  receivers,  or  by  a  re¬ 
ceiver  and  a  transmitter,  then  the  system  must  also  contain  a  relay  unit,  which  al¬ 
lows  the  antenna  to  be  switched  alternately  to  several  components.  Such  antenna 
relays  have  often  contributed  to  interference  problems  because  they  afford  a  coupling 
path  to  the  receiver  for  interfering  signals.  In  this  paragraph,  a  general  method  is 
described  which  utilizes  good  shielding  practices  to  overcome  this  difficulty. 

The  essential  feature  of  the  method  is  the  housing  of  the  entire  antenna  relay, 
together  with  any  lightning-protection  devices  that  may  be  necessary,  in  a  shielded 
enclosure  separate  from  both  the  transmitter  and  the  receiver.  Thus,  an  interfer¬ 
ence-free  region  is  created  within  the  aircraft  which  includes  the  receiver,  the  an¬ 
tenna  lead-in,  and  the  antenna-relay  housing.  This  region  is  shown  as  unshaded  in 
Figure  3.1,2. 13-A,  and  the  unprotected  regions  containing  interference  fields  by 
cross-hatching.  The  transmitter  and  its  antenna  lead-in  must  be  included  in  this 
unprotected  region  because  the  high  voltages  present  at  th®  antenna  lead-in  during > 
transmission  often  prevent  effective  shielding  methods  at  the  transmitter. 


Fig.  3. 1.  2. 13-A  Schematic  Diagram  of  Shielded  Antenna  System 

The  shielding  conduit  from  the  receiver  to  the  relay-unit  housing  must  usually 
be  flexible  because  the  receiver  is  shock-mounted.  It  is  important  to  make  the  con¬ 
nections  of  this  flexible  cable  absolutely  ’’tight"  at  both  ends.  It  is  also  necessary 
to  keep  the  antenna  away  from  openings  in  the  skin  of  the  aircraft  in  order  to  utilize 
the  shielding  properties  of  the  skin  of  an  all-metal  aircraft. 

Since  the  swifch  blade  of  the  relay  umt  must  znake  contact,  at  d-fferent  times, 
both  with  the  receiver  and  with  the  transmitter  terminal,  a  special  design  must  be 
used  for  the  switching  unit.  Details  of  this  design  are  shown  in  Figures  3. 1.  2. 13- 
B  and  C.  It  is  seen  that  the  transmitter  terminal  is  surrounded  by  a  cylindrical 
shield  with  a  loxigitudinal  slot  just  wide  enough  for  the  switch  blade  to  pass  through. 
Such  construction  results  in  minimum  impairment  of  the  shielding  effectiveness. 
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Fig,  3, 1,  2, 13-B  Details  of  Antenna  Relay  Shield 
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Fig,  3. 1.  2. 13-C  Tranamitter-Poat  Shielding 


3,1.3  BONDING 


The  purposes  of  bonding  have  been  enumerated  and  explained  in  Paragraph 
1.8, 1.1.  This  paragraph  deals  Vrith  the  techniques  of  bonding  with  special  emphasis 
on  those  applications  of  bonding  which  have  a  direct  or  indirect  bearing  on  the  sup¬ 
pression  of  radio  interference.  As  was  pointed  out  before,  poor  bonding  may  con¬ 
tribute  to  radio  interference  in  three  distinct  ways;  It  may  allow  electric  charges 
to  build  up  which  can  produce  a  spark,  it  may  allow  a  varying  electromagnetic  field 
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to  exist  when  the  poorly  bonded  members  are  subject  to  shock  or  vibrations,  and  it 
may  produce  coupling  paths  due  to  the  impedance  ©f  the  poor  bond  being  common  to 
two  circuits  .  The  first  and  second  conditions  are  usually  found  when  structural  parts 
of  the  aircraft  are  unbonded  or  poorly  bonded.  The  third  condition  may  exist  in 
structural  members  also,  but  more  often,  it  is  found  when  electronic  equipment, 
filters,  or  shields  are  inadequately  grounded  because  of  poor  bonding. 

Any  one  of  the  causes  of  trouble  mentioned  above  is  completely  eliminated  when 
a  low  impedance  path  is  produced  betv/een  the  two  conductors  to  be  bonded.  The 
pedance  which  is  important  in  this  connection  is  the  impedance  at  radio  frequencies. 
Actual  measurements  have  shown  that  there  is  almost  no  correlation  between  the 
direct-current  resistance  of  a  bond  and  its  radio-frequency  impedance.  Therefore, 
the  direct-current  resistance  catmot  be  used  as  a  measure  of  the  effectiveness  of 
bonding.  A  method  of  measuring  the  radio-frequency  impedance  of  bonds  is  described 
in  Appendix  XII. 

Moreover,  even  the  ro.eajSuxed  radio-frequency  impedance  is  not  a  perfect 
indication  of  the  effectiveness  of  the  bond  in  an  actual  installation.  Since  in  the  ac¬ 
tual  installation  the  artificial  bond,  a  Jumper,  rivet,  or  screw  connection,  is  always 
in  paradlel  with  some  kind  of  natural  bond,  such  as  a  direct  metallic  contact  or  the 
capacitance  between  two  surfaces  not  in  direct  contact,  the  total  impedance  between 
the  member  s  to  be  bonded  must  be  evaluated  by  considering  the  various  par  allel  paths 
through  which  a  radio -frequency  current  may  flow.  Thus,  it  may  happen  that  a  bond¬ 
ing  jumper  which  was  measured  to  have  a  satisfactorily  low  inductance  combines  with 
the  capacitance  of  the  system  to  form  an  anti-resonant  circuit  of  extremely  high 
impedance.  This  shows  that  bonding  techniques  must  take  into  consideration  the 
actual  installation  in  which  the  bond  is  to  be  used. 

In  general,  two  main  types  of  bonding  may  be  distinguished:  direct  bonding 
and  bonding  by  means  of  jumpers.  Direct  bonding  is  achieved  by  insuring  permanent 
metal-to-metal  contact  between  the  members  to  be  bonded.  If  this  method  is  practi- 
cad,  it  is  always  preferable.  But  when  the  contacts  are  subject  to  frequent  separation, 
such  as  the  edges  of  doors,  or  if  clearance  between  the  bonded  members  must  be 
maintained  for  mechanical  reasons,  such  as  with  control  surfaces,  or  if  the  equip¬ 
ment  to  be  bonded  is  shockmounted,  then  direct  bonding  is  not  feasible  and  bonding 
jumpers  must  be  Substituted.  It  must  be  borne  in  mind  that  a  jumper  is  never  more 
than  a  substitute  for  a  direct  bond.  At  best,  its  impedance  may  be  only  slightly 
larger  than  that  of  a  direct  bond.  At  worst,  it  may  actually  increase  the  impedance. 

3.  1.  3.  1  DIRECT  BONDING 

Direct  bonding  is  accomplished  by  direct  metal-to-metal  contact  between  two 
surfaces  under  high  and  uniform  unit  pressure.  If  properly  constructed,  a  bond  of 
this  type  has  a  low  ohmic  resistance  as  well  as  a  low  radio -frequency  impedance. 
Permanent  joints  of  metallic  parts  made  by  welding,  brazing,  sweating,  or  swaging; 
semipermanent  joints  of  machined  metallic  surfaces  held  together  by  lock-threaded 
devices,  rivets,  tie  rods,  or  structural  wires  under  heavy  tension;  pinned  fittings 
driven  tight  and  not  subjected  to  wear;  and,  clamped  fittings  normally  permanent 
and  immovable:  AH  these  are  considered  as  meeting  the  bonding  requirements  in¬ 
herently  if  all  protective  coatings  are  removed  from  the  contact  areas  before  assem- 
blj^.  (See  Military  Specifications  on  Electrical  Bonding  for  Aircraft. ) 
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Bonds  formed  by  direct  metal-to-metal  contact  through  mating  sturfaces  held 
together  by  clamping  devices  may  deteriorate  with  time.  This  is  brought  about  by 
corrosive  action  which  in  time  makes  the  bond  ineffective  by  causing  the  contact 
resistance  to  increase  beyond  tolerable  limits.  Corrosive  action  may  be  either  the 
galvanic  or  the  electrolytic  type  or  both  depending  on  the  nature  of  the  metals  in 
contact  and  on  whether  or  not  the  metal -to-metal  contact  is  part  of  a  direct-current 
circuit;  but,  both  types  of  corrosion  take  place  only  when  moisture  is  in  contact  with 
the  mating  surfaces. 

In  the  gs»vanic-type  of  corrosion,  the  two  mating  surfaces  in  contact  With  mois¬ 
ture  act  like  a  chemical  cell  of  two  metal  electrodes  Immersed  in  a  solution.  In 
general,  when  an  electrode  is  immersed  in  a  solution,  a  potential  difference  develops 
across  the  junction  of  the  electrode  and  the  solution.  The  reason  for  this  is  that 
when  a  metsl  is  placed  in  water,  or  any  other  ioniaing  solvent,  some  of  the  metal 
in  contact  with  the  water  passes  into  solution  as  positively  charged  ion's.  This  proc¬ 
ess  leaves  an  equivalent  amount  of  negative  charge  on  the  metal  electrode.  There 
is  a  tendency  for  such  a  process  to  occur  at  each  of  the  two  electrodes  of  the  chem** 
ical  cell  which  the  moist  mating  surfaces  of  the  bond  resemble.  However,  if  tlfc 
electrodes  are  of  the  same  metal  and  the  solution  in  contact  with  them  is  homoge- 
nepiia,  no  net  potential  difference  across  the  two  electrodes  can  be  detected  because 
the  conditions  at  each  are  the  same,  exactly  balancing  ope  another.  This  would  be 
the  case  for  mating  surfaces  of  the  same  metal  expose<l  to  moisture,  and  no  such 
galvanic  action  would  occur. 

On  the  other  hand,  if  the  bond  is  formed  by  direct  contact  of  dissimilar  metals, 
in  the  presence  of  moisture,  a  chemical  cell  (resembling  a  voltaic  pile  or  galvanic 
couple)  is  formed  across  which  a  net  potential  difference  is  developed.  The  reason 
far  this  is  that  each  of  the  metals  has  a  different  tendency  to  go  into  solution  as  ions. 
Hence  the  potential  difference  (electrode  potential)  across  the  junction  of  one  metal 
electrode  and  the  solution  is  greater  than  that  which  exists  across  the  other.  Con*' 
struction  of  a  series  of  units,  each  made  from  two  sheets  of  dissimilar  metals  sep¬ 
arated  hy  a  wet  cloth  shows  that  metals  can  be  arranged  in  an  "electromotive  series^ 
so  that  each  is  positive  whenplaced  in  contact  with  the  one  next  belowit  in  the  series. 
This  series,  for  metals  commonly  used  in  aircraft,  is  given  in  Figure  3. 1, 3. 1-A. 
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(Metals  are  listed  in 
decreasing  order  of 
tendency  to  go  into 
solution  as  ions) 


rig.  3.  1.3,  1-A  Electromotive-Force 
Series  for  Metals  Commonly  Used  in  Aircraft 
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The  chemical  action*  accompanyitig  the  establishment  of  these  electrode  potentials 
in  a  galvanic  couple  is  such  that  the  more  positive  electrode  (higher  in  the  series) 
corrodes  by  loss  of  metal  while  the  other  electrode  does  not.  Hence,  the  nbnre- 
placeable  pairt  of  a  joint  formed  by  dissimilar  metals  should  be  a  metal  lower  in  the 
series  than  its  mate.  Moreover,  the  further  apart  any  two  metals  are  in  the  series 
means  that  a  greater  potential  difference  across  the  pair  covild  be  established  and 
the  chemical  action  (corrosion)  would  be  more  severe.  Therefore,  it  is  essential 
to  select  metals  close  to  one  another  in  the  electromotive -force  series  when  contact 
between  dissimilar  metals  cannot  be  avoided.  For  example,  the  copitact  of  a  copper 
fitting  and  a  magnesium  casting  vould  lead  to  oxccssivc  corrosive  action  bGcauso 
these  two  metals  are  too  far  apart  in  the  electromotive -force  series.  This  corrosive 
action  could  be  minimized  by  plating  the  copper  fitting  with  zinc  or  cadmium. 


In  addition  to  the  galvanic  action  described  above,  there  is  another  phenomenon, 
called  electrolysis,  which  also  produces  corrosion  due  to  chemical  action.  Elec¬ 
trolytic  action  takes  place  when  a  direct  current  flows  between  two  metal  surfaces 
in  contact  with  a  conducting  solvent.  The  pccurrencs  of  electrolytic -type  corrosion 
is  iftdepeiident  of  the  nature  of  the  metals  In  contact.  It  miay  occur  along  with  gal¬ 
vanic  action  in  joints  of  dissimilar  metals,  but,  by  itself,  can  account  for  the  cor¬ 
rosion  at  Joints  for3:io.edby  surfaces  of  the  same  metal  in  contact,  Since  the  airplane 
structure  and  the  casings  of  equipment  are  used  for  the  ground  return  path  of  the 
direct- current  power,  there  is  the  possibility  of  large  DC  currents  through  joints 
and  connections  serving  as  bonds  to  ground.  If  the  joint  contains  moisture  with  dis¬ 
solved  salts  or  other  impurities,  the  mechanism  of  electrolysis  alone  (by  chemical 
reactions  at  the  metal  surfaces  and  the  flow  of  ions)  permits  the  passage  of  current, 
if  no  other  path  of  much  lower  resistance  exists.  Depending  upon  the  type  of  metal 
and  the  magnitude  and  direction  of  the  voltage  drop  across  the  moist  joint,  dissolution 
and  deposition  of  metal  can  occur  at  the  metal  surfaces  of  the  joint.  Moreover, 
chemical  action  of  the  dissolved  impurities  at  the  metal  surfaces  causes  rapid  con¬ 
tamination.  corrosion,  and  destruction  of  the  joint. 


As  explained  above,  the  possibility  of  galvanic  or  electrolytic  action  necessi¬ 
tates  the  use  of  extreme  care  inassemhling  joints  which  serve  as  bonds  for  the  ground 
return  path*  The  surfaces  should  be  absolutely  dry  before  mating  and  held  together 


a  joint  is  assembled  with  no  moisture  occluded. 


it  is  good  practice  to  seal  the 


Direct  bor-i-g  may  be  improved,  and  its  use  may  be  extended  to  surfaces  in 
relative  motion  provided  that  the  clearance  between  them  remains  very  small  at  sdl 
times,  by  the  use  of  non-hardening  conductive  silver  pastes,  for  which  the  follow¬ 
ing  claims  are  made  by  the  manufacturer;  They  are  rubbery,  adhesive  solids,  re¬ 
sistant  to  oxidation  and  corrosion  caused  by  moisture,  heat  or  fumes.  They  exhibit 
the  same  electrical  characteristics  as  solder,  and  can  be  used  to  replace  it  where 
physical  contact  between  the  parts  is  maintained  by  mechanical  means.  Furthermore, 

- 7^- 

*The  above  explanation  of  galveinic  action  is  purposely  simplified  to  give  merely 
a  qualitative  picture  of  the  phenomenon  and  to  establish  general  rules  for  design 
practice.  An  exact  description  of  the  process,  especially  as  to  the  actual  seat  of 
the  EMF's  developed,  still  lacks  verification.  Details  concerning  ion  concentration 
and  temperature  dependence  have  been  omitted  from  the  discussion  in  this  book. 
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if  relative  motion  exists  between  the  parts,  a  conductive  paste  v/Mch  has  the  con¬ 
sistency  of  chewing  gum  has  been  designed  to  insure  good  electrical  conductivity. 
Iron  and  other  base  metal  contacts  can  be  used  in  circuit-breaking  equipment  when 
treated  with  these  pastes.  Pastes  are  also  effective  in  maintaining  the  electrical 
continuity  of  shields  at  seams,  junctions,  and  joints. 

The  applications  of  the  non  -  hardening  silver  conductive  pastes  as  advocated 
by  the  manufacturer  and  summarized  in  the  preceding  paragraph  must  be  justified 
since  data  on  the  conductivity  of  the  pastes  at  radio  and  direct-current  frequencies 
wsll  as  data  on  their  effectiveness  in  preventing  oxidatio?'  and  corrosion  are  net 
as  yet  available.  Therefore,  the  conductive  pastes  must  be  subjected  to  extensive 
tests  before  any  application  is  made,  and  caution  should  be  observed  when  using 
them  near  moving  parts, 

3, 1 , 3,  2  BONDING  JUMPERS 

For  direct  or  low-frequency  alternating  currents,  bonding  of  equipment  is 
easily  accomplished.  A  wire  or  a  length  of  tinned- copper  braid  suffices.  However, 
at  x’adio  frequencies  the  same  jumpers  present  considerable  impedance.  In  order 
to  understand  the  factors  which  determine  the  magnitude  of  the  impedance,  the  equiv¬ 
alent  circuit  shown  in  Figure  3, 1.  3,  2- A  must  be  analyzed,  In  this  diagram,  R  is 
the  ohmic  resistance  including  the  increase  due  to  the  skin  effect,  L»  is  the  total 
sariee  inductance  of  the  jumper,  and  C  is  the  combined  capacitance  due  to  the  dis  = 
tributftd  capacitance  of  the  Jumper  and  the  capacitance  of  the  bonded  members. 


Fig,  3, 1,  3,  2- A  Schematic  Diagram  of  a  Bonding  Jumper 

Experiments  have  shown  that  the  effective  value  of  the  resistance  despite  its 
rise  due  to  skin  effect  at  higher  frequencies  is  negligible  except  near  the  point  of 
anti-resonance.  If  the  resistance  is  neglected,  formulas  for  the  impedance  Z  of  the 
equivalent  circuit  are  given  as; 


=  _L  - L_ 

1  -  wC  1 1— 

L  w^LcJ 


(3-28) 


where  w  is  the  angular  frequency. 

If  w^LC  is  less  thanone,  the  circuit  operates  below  its  anti-resonant  frequency 
and  acts  as  an  inductance.  An  increase  of  the  values  of  capacltcince  or  inductance, 
up  to  the  point  where  equals  one,  results  in  a  decrease  of  the  impedance.  If 

the  circuit  operates  above  the  anti-resonant  point,  is  greater  than  one,  and 

the  circuit  acts  as  a  capacitance.  With  an  increase  of  the  values  of  capacitance  or 
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inviuctance  tlie  impedance  decreases.  Therefore,  to  keep  the  radio -frequency  im¬ 
pedance  low  at  frequencies  below  the  anti-resonant  frequency,  the  values  of  capaci¬ 
tance  and  inductance  must  be  comparatively  low,  but  for  frequencies  above  the  anti¬ 
resonant  frequency,  the  values  of  capacitance  and  inductance  must  be  comparatively 
high  to  obtain  low  values  of  impedance  as  shown  in  Figure  3. 1,  3,  2-B,  C,  and  D. 


The  region  of  frequencies  of  interest  is  almost  always  such  that  the  antirresonant 
frequency  of  the  jumper  occurs  near  the  upper  end  of  this  region.  In  order  to  obtain 
values  of  radio  ^frequency  impedance  as  low  as  possible,  it  is  necessary  to  have  a 
comparatively  lo'v  LC  product.  Lowering  the  LC  product  raises  the  anti-resonant 
frequency,  and,  as  may  be  seen  from  Figure  3, 1. 3.  lowers  the  impedance  in 
the  rimge  of  the  frequencies  of  interest. 


—  ^ 
(0) 


m 


Fig.  3.1.3. 2-B,  C,  D  Magnitude  of  Impedance  of  a  Parallel 
Circuit  As  a  Fmetion  of;  (B)  Frequency,  (C)  Inductance,  and  (P)  Capacity 


Fig.  3.  1,3. 2 -E  Magnitude  of  Impedance  of  a  Parallel  Circuit 
As  a  Fimction  of  Frequency  for  Two  Different  Values  of  the  LC  Product 


Experiments  have  shown  that  the  physical  characteristics  of  a  jumper  have  a 
marked  effect  on  their  radio-frequency  impedance.  An  increase  in  the  length  of  a 
jumper  causes  its  impedance  to  increase  proportionally,  but  an  increase  in  either 
its  cross-sectional  or  its  surface  area  causes  a  non-proportional  decrease  in  its 
impedance.  However,  the  change  in  the  surface  area  exerts  a  greater  effect  on  the 
impedance  of  a  jumper  than  a  corresponding  change  an  its  cross -sectional  area.  In 
the  design  of  a  bondhig  jximper,  these  results  must  be  considered  along  with  the  re¬ 
quirements  noted  in  Appendix  XV. 
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For  certain  radio-frequency-suppression  boiad^iiig  applications,  ''ronnd**  bond- 
ing  jumpers  consisting  of  strands  of  wire  arranged  i;  j  ope  twist  can  be  substituted 
for  the  more  expensive  "flat-braid*'  bonding  jumpers  consisting  of  woven  strands  of 
wire.  Radio-frequency  measurements  made  in  the  ran^  e  of  0,15  to  30  megacycles 
show  that  the  impedance  of  the  ro\md  jumpe*  is  onl>  slightly  higher  than  that  of  the 
flat  braid  of  comparable  sisse  at  all  frequencies  witSiin  ibis  ran^'c.  The  curves  of 
Figure  3, 1.  3,2-F  indicate  this  clearly.  They  also  sJxcv'  dif'"! .  t,  ayprfe scimately 
linear,  relationship  between  the  impedance  and  the  frequency.  This  is  ev  idenc«  that 
the  resistive  component  of  the  ra4io*frequency  impedance  is  comparatively  low,  and 
that  its  reactive  component  is  inductive.  Despite  ^e  slightly  higher  radio^frequency 
impedance  values  of  the  round  bonding  jumpers,  their  use  is  justified  in  view  ©f  the 
greater  dependence  of  impedance  upon  other  conditions  ani  characteristics  such  as 
the  length  of  the  bond  and  its  orientation  with  respect  to  th«  ground  plane. 
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Fig.  3.  1.3.  2-F  Impedance  Characteristics  of  Flat  and  Round  Bonding  Jumper 


In  Paragraph  1.8. 1.1  several  applications  of  bonding  other  thaxi  the  suppression 
of  radio  interference  are  given.  Among  these  is  the  minimization  of  lightning  damage. 
To  provide  adequate  bonding  for  lightning  protection,  bonding  jumpers  of  tinned- 
copper  stranded  cable  shoxild  have  a  minimum  cross-sectional  area  of  6475  circular 
mils  to  withstand  a  maximum  current  surge  of  100, 000  amperes  built  up  in  10  micro¬ 
seconds  and  damped  to  one -half  its  maximum  value  in  20  microseconds.  K  stranded 
aluminum  cable  is  used,  its  minimum  cross -sectioned  area  should  be  10,000  circular 
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mils.  Twisted  cables  are  superior  to  braided  cables  of  the  same  cross-sectional 
area  because  the  latter  crystallize  and  break  more  readily  than  the  former  due  to 
the  magnetic  stresses  accompanying  the  surge  currents.  Due  to  the  oscillatory 
nature  of  the  discharge,  stranded  wire  must  be  used  to  minimize  the  skin  effect. 

Although  the  effective  resistance  provides  a  fairly  accurate  evaluation  of  the 
effectiveness  of  bonding  when  applied  to  lightning  protection,  it  doss  not  have,  as 
previously  mentioned,  any  significance  in  indicating  the  effectiveness  of  bonding  used 
to  suppress  radio  interference.  As  far  as  the  bonding  of  external  structural  parts 
is  concerned,  lightning  protection  is  the  most  important  consideration,  and  it  must 
be  assumed,  due  to  the  lack  of  additional  data,  that  a  low  effective -resistance  bond, 
adequate  for  lightning  protection,  is  also  adequate  for  the  suppression  of  radio  inter¬ 
ference. 

Bonding  jumpers  for  shockmounted  equipment  pose  special  problems  because 
of  the  limited  amount  qf  space  available  for  them,  because  they  form  part  of  the 
mechanical  system  in  addition  to  serving  as  carriers  of  currents,  and  because  good 
grounding  is  especially  important  for  such  shockmounted  equipment  as  receivers. 
The  development  of  special  bonding  jumper  s  for  shockmounted  equipment  is  described 
in  detail  in  Appendix  XY. 

3.  i.  3.  3  BONDING  OF  STRUCTURAL  PARTS 

The  discharge  of  static  charges  that  accumulate  on  the  surface  of  an  airplane 
is  a  source  of  radio  interference  (see  Section  4);  The  effects  of  these  discharges 
may  be  kept  to  a  minimum  by  effective  bonding  of  all  the  elements  in  the  vicinity  of 
the  antennas,  and  by  the  Installation  of  static-dischargers,  described  in  Paragraph 
4. 3. 8. 


The  engine  cowling  consists  of  several  sections  -  some  removable  for  ease  of 
maintenance  and  servicing  -  each  of  which  co\3ld  accumulate  static  charges,  the  dis¬ 
charge  of  which  would  create  interference  that  is  easily  picked-up  on  nearby  antennas , 
Therefore,  each  section  of  the  cowling  that  does  not  make  good  electrical  contact 
to  the  basic  structure  should  be  bonded  to  the  structure  by  a  braided  bonding  jumper 
of  about  l/8-inch  inside  diameter.  Round  braid  should  be  used  instead  of  flat  braid 
in  order  to  reduce  breakage. 

To  secure  a  good  bond  between  the  engine  and  the  engine -mount  structure,  at 
least  four  braided  bonding  jumpers  of  about  3/4-inch  inside  diameter  should  be  em¬ 
ployed.  If  shock-absorbing  jumpers  are  used  at  the  fire  wall,  similar  jumpers  should 
be  installed  across  each  unit. 

3. 1.  3.  4  BONDING  OF  TUBING  AND  CONDUIT 

The  outer  surface  of  long  spans  of  conduit  or  tubing  is  a  possible  high-imped¬ 
ance  path  for  interfering  currents  from  sources  outside  the  tubing  or  conduit.  To 
minimize  this  possibility,  such  spans  shoxild  be  properly  bonded  to  ground  at  both 
ends  and  several  intermediate  points. 

Ordinary  clamps  cannot  be  used  to  bond  flexible  conduit  because  the  pressure 
exerted  on  a  comparatively  small  surface  area  of  the  conduit  is  sufficiently  high  to 
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compress  it  or  force  it  to  give  way.  To  overcome  this  a  flared  split- sleeve  is  fitted 
around  the  conduit,  as  shown  in  Figure  3. 1. 3. 4- A,  which  distributes  the  high  pres¬ 
sure  delivered  by  the  bonding  clamp  oyer  a  larger  area,  thereby  resulting  in  a  low 
unit  pressure  on  the  conduit.  Contact  is  further  improved  by  soldering  the  sleeve 
to  the  conduit,  when  the  materials  permit,  through  several  holes  in  the  sleeve  pro¬ 
vided  for  this  purpose. 

Figure  3. 1.  3,4-B  illustrates  a  method  for  bonding  rigid  conduit  or  tubing  to 
a  structure  through  supporting  attachments.  The  number  of  mechanical  supports 
required  is  gener^ly  adequate  to  provide  an  efficient  bond  even  when  the  conduit  is 
carrying  interference  signals. 


The  conduit  or  tubing  to  which  bonding  clainps  are  attached  should  be  cleansed 
of  paint  and  foreign  material  over  the  entire  area  covered  by  the  clamp.  All  Insula¬ 
ting  finishes  should  be  removed  from  the  contact  area  before  assembly,  and  anodized 
screws,  nuts,  or  washers  should  not  be  used  for  attaching  parts  in  making  bonding 
contact,  if,  in  bolting  the  bonding  clamp  to  the  structural  surface,  a  star  washer  is 
usedf  as  shown  in  Figure  3.1,3.4-B,  any  protective  coating  (unless  very  thick  or 
tohgh)  need  not  be  removed  from  this  surface  since  the  points  of  the  washer  penetrate 
to  the -bare  metal. 


Fig,  3.  1.  3. 4- A  An  Acceptable  Method  of  Bonding  Flexible  Conduit 


Fig,  3.1.3,  4-B  Tubing  Clamp  Bonded  to  Painted  Surface 
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3.1.4  SPECIAL  CIRCUITS 

In.  Par  agraph  1,  8. 3.  3  the  basic  types  of  circuits  used  for  interference  reduc¬ 
tion  in  receivers  were  enumerated.  Specific  circuits,  which  have  proven  usefisl  in 
practice,  are  given  here  and  their  operation  is  explained  briefly.  Examples  are 
given  of  limiters  and  wave  traps,  which  find  extensive  practical  applications  trith  a 
wide  variety  of  design  depending  on  their  purpose.  Limiters  are  most  ussfal  If  the 
interference  is  of  the  impulsive  type,  i.e, ,  if  itconsists  of  pulses  of  large  amplitude 
and  very  short  duration.  Parallel -tuned  traps  are  used  when  disturbances  of  known 
frequency  enter  a  receiveT  through  the  medium  of  the  antenna. 

3. 1.4. 1  LIMITERS 

When  designing  limiters  as  a  means  of  interference  suppression.  It  must  be 
borne  in  mind  that  their  effectiveness  is  highest  when  the  frequency  selectivity  in 
the  circuits  after  the  limiter  is  greater  than  the  selectivity  preceding  the  limiting. 

The  limiter  shown  in  Figure  3. 1.4. 1-A  operates  satisfactorily  on  both  mod- 
xdated  and  unmodulated  reception.  It  is  a  simple,  convenient  type  requiring  only  a 
fixed  capacitor,  two  fixed  resistors,  and  an  independent  diode  besides  the  normal 
components  of  a  diode  second  detector. 


L _ - _ - _ — __J 


Fig,  3,1,4,  1-A  Series  Limiter 

When  the  switch  is  in  the  "OFF"  position,  C3  connects  to  junction  point  B  of 
the  detector  diode  load  resistors,  Ri  and  R2*  and  the  limiter  diode  has  no  effect  on 
circuit  performance.  When  the  switch  is  "ON",  C3  is  connected  directly  to  the  cath¬ 
ode  of  D21  putting  the  diode  switch  in  the  circuit. 

Assioming  a  potential  of  10  volts  across  Rj  and  R2  by  a  constant  carrier,  the 
cathode  of  the  limiter  would  be  10  volts  negative  with  respect  to  ground  if  the  diode 
were  not  conducting.  The  plate,  connected  to  point  B,  is  5  volts  negative  withrespect 
to  ground.  Hence  the  plate  is  5  volts  positive  with  respect  to  the  cathode,  and  the 
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limiter  diode  conducts,  having  fairly  low  resistance  compared  to  other  circuit  re¬ 
sistances,  The  output  capacitor,  C3,  is  then  comiected  to  point  B  through  the  limiter 
diode,  providing  audio  frequency  output.  This  output  is  reduced  to  45  percent  of  what 
it  would  be  without  the  limiter,  but  generally  the  reduction  is  of  little  significance. 

The  difference  in  time  constants  between  plate  and  cathode  circuits  allows  the 
diode  resistance  to  become  very  high  when  a  large  interference  voltage  appears, 
effectively  preventing  conduction  through  the  interference  limiting  diode,  Dg* 
cutting  off  C3  from  point  B.  The  amplifier  will  have  no  appreciable  input  for  the 
duration  pf  the  interfering  signal.  By  the  time  the  cathode  of  the  limiter  diode  goes 
hegative  with  respect  to  its  plate,  the  interfering  signal  will  have  decayed,  restofing 
audio  frequency  input  to  the  amplifier. 

Distortion  in  this  limiter  is  noticeable  on  an  oscilloscope  only  above  40  per¬ 
cent  inodulation.  Speech  and  coded  transmissions  maintaining  an  average  modula¬ 
tion  level  of  30  to  40  percent  are  commonly  encountered. 

The  modified  shunt  type  of  noise-peak  limiter  circuit.  Figure  3,  1,4.  1-B,  is 
similar  to  the  series  type  except  that  the  plate  of  the  limiter  diode  and  the  low  end 
of  the  cathode  resistor  are  interchanged.  When  an  interference  peak  makes  the  diode 
O2  conduct,  it  acts  to  reduce  the  output  voltage.  Groimding  the  low  end  of  the  inter¬ 
mediate  frequency  secondary  increases  the  stability  of  the  system. 


Fig.  3.1.4.  1-B  Shunt  Limiter 


In  this  circuit  normally  the  cathode  is  positive  with  respect  to  the  plate,  and 
Dz  is  not  conducting.  The  time  constant  in  the  plate  circuit  is  more  than  10,000 
times  longer  than  that  of  the  cathode  circuit,  so  that  any  interference  pulse  in  excess 
of  normal  bias  drives  the  cathode  negative  and  the  diode  conducts,  shunting  the  input 
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of  the  following  audio  frequency  stage.  Shunting  action  is  naore  complete  with  the 
addition  of  .I4  which  acts  as  part  of  a  voltage  divider  when  is  conducting  and  helps 
attenuate  u  tector-load  voltage  peaks. 

The  limiting  action  ceases  when  the  interference  p\jlse  decays  or  C2  charges, 
since  then  point  C  becomes  positive  with  respect  to  point  D,  Audio  distortion  begins 
at  about  100  percent  modulation  for  values  shown.  If  the  ratio  of  R2  to  Ri  is  0.4, 
distortion  begins  at  approximately  40  percent  modulation.  This  limiter  is  not  as 
good  as  the  simple  series  type  at  lower  carrier  frequencies. 


Fig,  3,1,4, 1-C  Combined  Limiter^Blanking  Circuit 


The  system  given  in  Figure  3. 1.4. 1-C  for  interference  suppression  silences 
the  receiver  momentarily  when  an  interfering  pulse  stronger  than  the  desired  signal 
is  received.  Here  the  blanking  and  limiting  principles  are  combined. 

The  interference  amplifier  (6J7)  has  its  grid  connected  in  parallel  with  the  grid 
oi  the  final  intermediate  frequency  amplifier,  and  delivers  its  output  to  an  auxiliary 
rectifier.  The  direct-current  bias  thus  obtained  is  applied  to  the  third  grid  of  the 
6L7  final  intermediate -frequency  amplifier.  When  properly  adjusted  any  interfer¬ 
ence  voltage  whose  peak  amplitude  exceeds  the  signal  being  received  will  develop 
enough  bias  to  make  the  final  intermediate  frequency  amplifier  tube  inoperative, 
thus  silencing  the  receiver  for  the  duration  of  the  pulse.  This  is  accompanied  by 
some  distortion,  but  reception  is  much  improved  over  that  obtained  without  the  inter¬ 
ference  suppressor. 

The  same  effective  principle  is  applied  in  the  counter -modulation  type  of  inter¬ 
ference-reducing  circuit  shown  in  Figure  3.  1.4.  1-D. 
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Fig,  3.  1.  4.  l-D  Limiter  Employing  Counter -Modulation 


In  this  circuitj;  intermediate  frequency  signals  and  interference  voltages  are 
injected  into  a  push-pull  controlled  amplifier  stage,  paralleled  by  a  push-pull  inter¬ 
ference  amplifier  whose  plate  circuit  is  tuned  lower  than  the  intermediate  frequency 
value.  This  allows  more  interference  and  less  signal  voltage  at  the  interference- 
rectifier  input  than  at  the  second  detector  input.  Broad  tuning  of  the  intermediate 
frequency  stages  permits  sufficient  detuning  of  the  interference  amplifier  to  virtually 
eliminate  signal  voltage  in  this  circuit.  Any  signal  voltage  still  present  is  prevented 
from  affecting  the  circuit  operation  by  the  automatic  threshold  control  tube.  The 
threshold  control  tube  regulates  a  variable -delay  bias  for  the  interference  rectifier, 
allowing  rectification  only  above  the  level  of  the  signed  component  in  the  voltage  being 
rectified,  X  VOX.UxxlO  COXlylTOl  voltage  fed  to  the  grids  of  the  threshold 

tube  regulates  the  delay  level  for  a  change  of  signad  strength,  and  the  interference 
component  is  taken  from  the  interference  rectifier  load  resistor.  Then  it  is  fed 
through  a  blocking  condenser  to  the  6L7  grids.  The  level  of  zero  axis  for  the  counter - 
modidating  voltage  is  set  by  a  direct  current  bias  supplied  to  these  grids.  Once  the 
delay  and  bias  adjustments  are  made,  they  need  not  be  changed. 


Though  not  especially  simple,  the  circuit  is  effective  and  fully  automatic.  It 
reduces  the  interference  voltage  before  rectification  and  does  not  increase  the  auto¬ 
matic  volume  control  voltages.  Thus  receiver  gain,  interference  rectifier  delay, 
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and  interference  amplifier  gain  are  all  controlled  by  the  strength  of  the  desired  signal. 


3,1,4, 1-E  Limiter  Employing  Feedback 


The  limiter  circuit  shewn  in  Figure  3,1,4.1-E  employs  degeneration  as  a  means 
of  obtaining  limiting  action.  The  input  stage  of  the  amplifier  uses  one  triode  section 
of  the  6F8G  tube,  the  other  section  being  used  for  an  aiaxiliary  amplifier  for  the  6H6 
control  rectifier.  The  input  stage  is  transformer  coupled  to  a  push-pull  output  stage 
using  another  6F8G  tube.  Degeneration  is  used  on  this  stage,  and  the  feedback  factor 
is  determined  by  Ri,  R^,  and  the  plate  resist2mces  of  two  6L7  tubes.  The  feedback 
factor  can  be  controlled  by  varying  the  plate  resistances  of  the  6L7  tubes  since  they 
are  effectively  in  parcillel  with  the  resistors  Rl.  An  increasing  signal  causes  the 
grid  bias  on  the  6L7  tubes  to  increase,  which  increases  the  plate  resistance  and  the 
feedback  factor  and  results  in  decreased  gain,  thus  producing  compression.  Negative 
feedback  has  the  added  advantage  of  holding  distortion  to  a  low  value. 

By  putting  an  initial  positive  bias  on  the  6H$  full  wave  rectifier,  the  control 
of  the  auxiliary  gain  will  delay  compression  till  any  desired  output  is  reached,  within 
the  limitations  of  the  amplifier.  .An amplifier  plate  resistance  at  7700  ohms,  a  trans¬ 
former  ratio  from  primary  to  secondary  of  Z  to  1,  and  a  resistance  of  1000  ohms 
for  the  6H6,  in  conjunction  with  0.5  microfarads  for  C2,  give  an  acting  time  of  1.5 
milliseconds.  Releasing  time,  with  R3,  equal  to  2  megohms,  is  1  second. 
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A  push-pull  compjressor  stage  with  balanced  feedback  network  is  necessary 
to  eliminate  transient  distortion  due  to  compressor  action,  and  is  also  desirable 
from  the  standpoint  of  low  inherent  distortion.  Noise  and  hum  level  is  75  db  below 
6  milliwatts  output,  largely  because  of  a  regulated  power  supply, 

Tsi  broadcast  service,  this  amplifier  is  able  to  handle  all  ordinary  peaks.  There 
are  no  thumps  when  compression  takes  hold,  and  the  general  operation  is  quite  smooth. 
Feedback  doss  not  help  reduce  interference  at  low  power  levels,  such  as  thermal 
agitation,  induced  hum  voltages,  and  microphonics. 

Wher  e  autsmntie  volvinae  control  is  employed  in  a  rsooi%'er  of  censiderafele 
sensitivity,  a  disagreeable  amount  of  interference  will  be  heard  in  the  output  when 
no  carrier  is  present.  An  arrangement  for  blanking  the  receiver  during  the  tuning 
process,  often  referred  to  as  a  squelch  system,  will  suppress  this  form  of  inter¬ 
ference. and  is  indicated  in  typical  schematic  form  in  Figure  3.  1,4.  1-F. 


Fig.  3,  1.4.  1-F  Squelch  Circuit 

The  first  audio  tube  is  biased  beyond  cut-off  by  the  action  of  Tube  Tj  unless 
the  grid  bias  of  Tube  Tj  approaches  or  exceeds  cut-off.  By  using  the  automatic 
volume  control  system  to  bias  Tj,  the  receiver  can  be  made  inoperative  until  a  car¬ 
rier  of  pre-determined  amplitude  is  present. 

A  modification  of  this  arrangement  is  to  operate  Tube  Tj  from  a  separate 
branch  of  the  intermediate-frequency  amplifier  that  delivers  its  output  to  a  second 
diode.  By  making  this  auxiliary  intermediate-frequency  branch  very  selective,  the 
signal-to-interference  ratio  will  be  muchhigher  for  the  interference-suppressor  diode 
than  for  the  detector  diode.  The  threshold  level  of  the  system  may  be  set  such  that 
the  signal  is  so  low  with  respect  to  the  interference  as  to  be  barely  usable.  The  re¬ 
ceiver  will  then  deliver  no  output  until  tuned  exactly  to  the  desii  ed  carrier  frequency. 
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3. 1.4.  2  WAVE  TRAPS 


A  v/ave  trap  in  its  simplest  form,  as  eacplained  in  Paragraph  1. 8,  3,  3, 2,  con¬ 
sists  of  a  parallel -tuned  circuit  connected  in  series  with  the  antenna  of  a  receiver. 
It  shonld  be  designed  to  resonate  at  the  frequency  of  the  interfering  signal.  The  cir¬ 
cuit  of  a  simple  trap  is  shown  in  Figure  3. 1, 4,  2- A. 


Antenna  of 
Receiver 


^tenna  of 
Receiver 


Fig.  3.1.4.  2-A  Basic  Wave  Trap  Fig,  3,1,4,  2-B  Series -Resonant 

Wave  Trap 


Traps  are  readily  designed  to  offer  a  high  impedance  to  an  undesired  frequency 
or  band  of  frequencies.  A  high  C/Li  ratio  and  high  Q  are  most  desirable  for  proper 
attennationqf  the  interference  as  well  as  lowinsertioalpss  at  the  desired  frequencies. 
They  are  particularly  useful  in  rejecting  ^interfering  frequency  at  or  near  the  inter¬ 
mediate  frequency  of  the  receiver.  In  this  ease  the  best  present  designs  have  an 
insertinn  loss  of  the  order  of  1  db  with  a  maximum  of  2  dh* 


A  wave  trap  may  also  consist  of  a  series  resonant  circuit  in  parallel  with  the 
receiver  as  shown  in  Figure  3, 1,4,  2-B,  In  this  case  a  high  Q  and  a  low  C/h  ratio 
are  desirable. 


Suitable  values  for  the  elements  of  the  circuit  of  Figure  3, 1,4, 2- A,  far  selected 
frequencies,  are  given  in  Figure  3.  1,4, 2-C,  Wave  traps  consisting  of  lumped  ele¬ 
ments  of  this  type  are  rarely  used  for  frequencies  above  3Q  to  40  megacycles. 


Frequency 
in  Megacycles 

Capacitance 
in  ppf 

Inductance 
in  ^ 

Coil  Design  Data 

3.  5 

18 

32  turns  No.  22,  l*'dia. ,  D'^long 

7 

6 

19  turns  No.  22.  l**dia,  .  l“lonK 

14 

50 

3.  5 

14  turns  No.  18,  D'dia. ,  l"long 

21 

35 

2.  2 

12  turns  No.  18,  l*‘dia. ,  l“long 

28 

25 

1.  5 

9  turns  No.  18,  1  "dia . ,  1  “long 

Fig.  3.  1.4.  2-C  Representative  Values  for  Basic  Wave  Trap 


hi  several  types  of  aircraft,  the  following  types  of  wave  traps  have  been  suc¬ 
cessfully  applied  in  reducing  interference  from  IFF  and  similar  systems  operating 


APPLICATIONS 


SEC.  IH 


at  frequencies  about  and  above  50  megacycles, 

(a)  A  radio  frequency  choke  coil,  designed  t©  resonate  with  its  distributed 
capacity,  is  installed  in  the  antenna  circuit  of  the  communication  receiver. 
Such  a  coil  consists  of  three  series  windings  of  fifteen  to  thirty  turns  each, 
depending  on  the  interfering  frequency,  wound  on  a  bakelite  form  roughly 
3/8  inches  in  diameter  and  4  inches  long. 

(b)  A  quarter-waye>length  open-circuited  stub  is  connected  between  the  an- 
tCnna  pest  and  ground  of  the  communication  receiver.  This  stub  consists 
of  No,  18  solid  copper,  insulated,  push-back  type  wires,  about  one  quarter 
of  a  wavelength  long  and  twisted  about  9/ IQ  of  tbeir  length,  the  remainder 
serving  as  leads,  as  shown  in  Figure  3. 1.4.2-D.  The  stub  should  be  cut 
back  experimentally  until  maximum  interference  reduction  is  obtained. 
This  point  is  critical,  and  the  wires  should  not  be  cut  back  more  than  1/8 
inch  at  a  time  in  order  to  make  sure  that  this  point  is  not  missed.  A  short 
length  of  coaxial  cable  may  be  used  instead  of  the  twisted  wires.  Its  length 
must  be  adjusted  by  trial  and  error  in  the  same  way  as  described  above  for 
the  twisted  wires. 

(c)  A  three-section  pa  raUe  1-re  sonant  series  wave  trap  constructed  from  coaxial 
cable,  similar  to  the  radio  frequency  choke  coil,  may  be  inserted  between 
the  antenna  relay  and  the  receiver  antenna  post.  Each  section  is  approxi¬ 
mately  a  quarter  wave  length  long  and  short-circuited,  as  shown  in  Figure 
3, 1.4,2*E»  The  exact  dimensions  are  determined  by  trial  and  error. 

The  choke  coil  described  in  (a)  is  suitable  in  the  range  from  about  40  to  I QD  mega¬ 
cycles,  Types  (b)  and  (c)  are  suitable  abov^  100  megacycles. 

!*• — ^ - 1/4  Wave  Length — - J 


Fig,  3.1.4.  2-D  Twisted  Quarter- Wave  Series-Resonant  Parallel  Wave  Trap 


B^ecetver  End 


Fig.  3.  1,4,  2-E  Three  Section  ParaHel-Re sonant  Series  Wave  Trap 

DESIGN  CONSIDERATIONS  APPLIED  TO  AIRCRAFT  COMPONENTS  FOR  MIN¬ 
IMUM  GENERATION  OF  INTERFERENCE 

Radio  interference  originate 3  from  the  operation  of  the  components  of  aircraft 
systems.  Consideration  of  the  aircraft  system  itself  is  essential  only  to  establish 
techniques  to  prevent  the  interference  which  is  generated  by  the  components  from 
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bein|!;  transmitted  by  radiation,  conduction,  or  coupling  to  various  other  susceptible 
receivers  in  the  aircraft.  These  system  considerations  are  treated  in  detail  under 
Paragraph  3.  3.  The  ideal  method  of  eliminating  the  effects  of  unwanted  signals  is 
to  design  all  components  in  such  a  way  that  no  ^lnwanted  signals  are  generated. 

Source  suppressionis  byfar  the  best  method  of  controlling  interference  in  most 
case*  and  should  be  applied  whenever  possible.  Nevertheless,  in  some  components 
the  generation  of  signals  is  inherent  to  their  normal  functionand  source  Suppression 
cannot  be  employed.  This  is  true  for  all  transmitters  v/here  the  signals  appeariag 
on  the  transmitter  antennas  are  the  desired  result.  Here  the  Interfssesice  problem 
is  primarily  a  system  design  consideration  involving  mounting  and  location  of  the 
antenna,  and  taking  advantage  of  the  shielding  effects  afforded  by  the  airearaft  struc¬ 
tural  members  and  metallic  skin.  However,  source  suppression  techniques  can  be 
employed  in  the  transmitter  case  design  and  in  the  elimination  of  harmonics  appear¬ 
ing  on  the  antenjia  to  reduce  the  transmitter  inierference  problem  considerably  by 
eliminating  various  unwanted  signals  associated  with  the  generation  of  the  desired 
output  signal. 


Source  suppression  is  desirable  from  several  standpoints  other  than  that  of 
interference-free  design.  Aircraft  maintenance  is  one  important  reason  for  utilising 
source  suppress  ion  wherever  practicable.  The  resulting  decrease  in  required  shield- 
ing  greatly  reduces  the  electrical  maintenance  problem.  This  is  especially  true  when 
itha  aircraft  is  to  be  operated  under  combat  conditions.  Flak  or  gunfire  damage  at 
any  point  along  a  conduit  would  require  replacement  of  an  entire  rigid  conduit  assem¬ 
bly  and  woiild  considerably  prolong  the  non-operational  status  of  the  aircraft  while 
under  repair.  When  flexible  conduit  is  utilised  for  shielding  purposes,  as  is  the  case 
in  all  late  model  aircraft,  the  maintenance  problem  is  somewhat  less  severe.  Never¬ 
theless,  damage  to  any  required  shielding  increases  the  time  and  cost  of  repairs. 

Since  source  suppression  can  best  be  employed  in  the  original  component  de¬ 
sign,  the  techniques  described  in  the  following  paragraphs  are  of  major  importance. 
Design  engineers  should  be  thoroughly  acquainted  with  this  material  to  insure  good 
interference -free  components.  It  is  of  utmost  importance  that  all  electrical  com¬ 
ponents,  regardless  of  their  function  or  location  within  the  aircraft,  be  treated  as 
potential  sources  of  interference, 

3.2.1  MOTIONAL  SOURCES 

\ 

Most  pf  the  interference  generated  by  the  operation  of  electrical  devices  in  an 
aircraft  originates  in  commutator -type  machines  and  arcing  contacts.  These  include 
all  the  motors,  generators,  vibrators,  relays,  and  switches  which  perform  functions 
essential  to  the  operation  and  control  of  the  aircraft.  Modern  aircraft  have  become 
a  maze  of  such  motional  sources  of  interference.  Figure  3.  2,  1  shows  the  location 
in  a  typical  very  heavy  bomber  of  various  electrical  components,  and  the  functions 
performed  by  these  components.  This  clearly  indicates  that  these  components  lo¬ 
cated  in  all  parts  of  the  airframe  are  essential  to  the  operation  of  the  aircraft  and 
the  associated  interference  problem  cannot  be  avoided. 

When  Figure  3,  3-C  is  compared  with  Figure  3.  2.  1  it  becomes  quite  apparent 
that  every  electrical  component  in  the  aircraft  may  possibly  be  mounted  sufficiently 
close  to  susceptible  components  or  component  wiring,  to  introduce  disturbing  signals 

-  o 
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Fig,  3,  2,  1  Location  of  Sources  of  Radio  Interference  in 
a  Typical  Very  Heavy  Boiniberj 
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into  these  units  and  adversely  affect  their  operation.  Consequently  each  and  every 
motional  source  must  be  designed  so  that  inherent  electrical  transients  are  confined 
to  the  unit  itself  and  not  permitted  to  enter  other  components  either  directly  or  in¬ 
directly  and  cause  radio  interference. 

3.  2,  1. 1  ROTATING  MACHINERY 

Of  all  the  sources  of  interference  commonly  encountered  in  aircraft,  rotating 
electrical  machinery  constitutes  the  largest  single  group.  It  is,  therefore,  necfissary 
to  be  particularly  carsful  in  the.  design  of  such  machines  if  interference -free  opera¬ 
tion  is  to  be  achieved. 

The  first  point  to  he  stressed  is  that  a  good,  clean  design  is  usually  also  the 
design  least  likely  to  cause  inte  rference.  What  needs  to  be  remembered  is  that  many 
considerations  that  seem  secondary  when  interference  is  neglected  become  primary 
in  the  light  of  interference  problems  .  Such  obvious  points  as  symmetry  in  the  wind¬ 
ings,  mechanical  and  electrical  balance,  accuracy  of  machined  parts,  and  tolerances 
in  the  assembly  acquire  an  entirely  new  importahcc  when  interferenGe  problems  are 
considered  from  the  beginning  in  the  basic  design. 

In  the  following  paragraphs,  certain  considerations  that  are  common  to  many 
types  of  rotating  machines  will  be  discussed  first.  Then  the  detailed  design  of  special 
types  of  machines  will  be  taken  up  in  turn. 

3.2. 1.1,1  BRUSHES 

In  ail  types  of  electrical  machines  (except  certain  types  of  induction  motors) 
electrical  contact  must  be  made  between  two  conducting  surfaces  that  are  in  relative 
motion.  Such  contact  is  normally  made  by  brushes  sliding  on  a  metallic  surface. 
As  explained  in  Paragraph  1.  3.  2. 1,  this  is  always  accompanied  by  the  generation 
of  interference.  In  DC  machines  having  good  commutation,  most  of  the  interference 
is  directly  attributable  to  the  sliding  brush  contact.  This  so-called  brush  interfer¬ 
ence  may  be  reduced  by  careful  consideration  of  the  following  factors  in  the  design 
or  choice  of  brushes  and  of  the  metsd  surface  in  contact  with  the  brush  face. 

(a)  Brush  Pressure.  Interference  generated  decreases  with  increasing  brush 
pressure  at  all  frequencies  as  shown  in  Figure  3,2,1,1.1-A.  As  the  brush 
pressure  is  increased,  the  unit  pressure  over  the  entire  brush  face  in  con¬ 
tact  with  the  metal  surface  is  maintained  more  constant  and  uniform,  there¬ 
by  reducing  the  variation  in  contact  resistance  across  the  sliding  surfaces 
which  produces  what  is  known  as  surface  contact  transients.  In  addition, 
the  possibility  of  brush  bounce  which  causes  severe  arcing  and  transients 
is  reduced.  Smee  the  amount  of  brush  vibration  and  chatter  increases 
with  the  peripheral  speed  of  the  sliding  metal  surface  in  contact  with  the 
brush,  the  brush  pressure  selected  for  any  particular  application  should 
at  least  be  adequate  to  damp-o\it  the  vibration  expected  at  the  designed 
peripheral  speed.  Increased  brush  pressure  increases  the  rate  of  wear, 
but  the  necessity  of  more  frequent  replacement  should  be  considered  a 
reasonable  compromise  for  the  sake  of  decreased  interference. 

(b)  Current  Density.  Interference  generated  increases  with  increased  current 
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Fig.  3,  2,  i,  i,  I -A  Effect  of  Brush  Pressure  on  Generation  of 
Interference  at  Various  Frequencies 


density  as  shown  in  Figure  3. 2, 1, 1. 1-B,  As  the  current  density  is  in- 
creasedi  more  heat  is  generated  in  the  contact  resistance  and  the  tempera¬ 
ture  of  the  brush  surface  in  contact  with  the  commutator  increases.  This 
increase  in  temperature  hastens  the  formation  of  an  oxide  film  of  consid¬ 
erable  thickness  on  the  sliding  metal  surface.  Hapid  variations  in  sliding 
contact  resistance  due  to  irregularities  in  the  oxide  film  modulate  the  direct 
current  and  may  give  rise  to  radio  interference.  The  magnitude  of  inter¬ 
ference  so  produced  is  increased  as  the  current  density,  hence  voltage 
drop,  across  the  brush  face  increases.  Therefore,  somewhat  larger  brush 
surface  area  should  be  provided  than  is  demanded  only  by  consideration 
of  the  dissipation  of  heat  and  losses  due  to  mechanical  friction.  However, 
if  too  low  a  current  density  is  used,  non-uniform  grooves  or  threading 
develop  on  the  metal  surface  or  commutator,  and  frequently  a  high  friction 
coefficient  occurs  which  sets  the  brushes  into  a  noisy  chatter.  General 
design  practice  calls  for  a  contact  current  density  of  5S  -  65  amperes  per 
square  inch  at  full-load  rating  for  electrographitic  carbon  brushes,  and 
65  -  90  amperes  per  square  inch  for  metal -graphite  brushes, 

(c)  Surface  Treatment.  Interference  generated  is  materially  decreased  by 
treating  the  brush  surface  with  a  coiloidatl  graphite  material.  This  treat¬ 
ment  also  decreases  the  mechanical  friction  and  the  voltage  drop  across 
the  brushes.  The  metal  surface  upon  which  the  brushes  bear  deserves 
special  consideration  because  of  the  prolonged  effects  of  wear  and  high 
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Fig,  3, 2,  i,  1, 1-B  Effect  of  Brush  Current 
on  Generated.  Interference  at  Various  Frequencies 

temperatures  to  which  it  is  subjected.  A  newly  finished  metal  surface 
develops  an  osside  film  within  severzd  hours.  For  instance,  in  the  case  of 
a  copper  commutator  in  contact  with  a  carbon  or  graphite  brush,  a  layer 
of  copper  oxide,  mixed  with  Carbon  particles  from  brush  wear,  forms  on 
the  commutator.  The  presence  of  this  copper  oxide  film  introduces  uni¬ 
directional  electrical  properties  (polarity  effects)  consistent  with  the  well- 
known  copper -oxide  rectification.  The  oxide  layer  displays  a  non-linear 
resistance  of  higher  value  to  a  brush  used  as  a  cathode  than  to  one  used  as 
an  anode.  The  cathode  brush  passes  current  in  discontinuous  high  current 
density  surges.  Approximately  ten  times  as  much  radio  interference  may 
come  from  the  cathode  brush  as  from  the  anode  brush.  Promising  experi¬ 
mental  results  have  been  obtained  by  plating  the  copper  commutator  with 
chromium  to  a  thickness  of  about  one  mil,  reducing  the  interference  ob- 
servedfroma  cathode  brush  to  that  of  the  relatively  quiet  anode.  The  some¬ 
what  higher  resistivity  of  the  chromium  plating  does  not  cause  appreciable 
loss  as  regards  heat  dissipationat  the  contact  inasmuch  as  the  commutator- 
film  power  loss  is  relatively  large.  The  thinness  of  the  chromium  oxide 
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layer  and  the  fine  division  of  the  finished  chromium  surface  seem  to  account 
for  its  excellent  performance*  This  performance  is  maintained  because 
the  hard  chromium  surface  avoids  threading  and  grooving  of  the  commu¬ 
tator.  Wear  rate  and  sliding  friction  of  m^y  brush  materials  on  chromium 
is  of  the  same  order  as  that  for  copper, 

(d)  Brush  Resistivity.  Interference  generated  is  less  for  brush  materials  of 
lower  resistivity.  General  design  practice  for  good  performance  is  to  use 
an  electrographitic  carbon  brush  with  0.0015  to  0.0025  ohm  specific  re¬ 
sistance  in  machines  operating  above  50  volts,  and  a  metal-gi  aphite  mix¬ 
ture  for  brushes  in  machines  being  used  at  less  than  50  volts.  Silver, 
copper,  or  cadmium  impregnated  graphite  is  available  in  the  form  of  low- 
resistance  metal-graphite  brushes.  The  final  selection  of  a  brush  mat^rizd 
is  actually  a  compromise  after  consideration  of  all  the  mechanical  and 
electrical  properties  which  the  brush  must  possess.  Nevertheless,  the 
material  of  lowest  resistivity  which  still  satisfies  the  other  recjuirements 
for  good  functional  performance  should  be  the  preferred  choice.  The  re¬ 
sistivity  of  brushes  used  for  commutation  should  also  be  in  accord  with 
the  requirements  for  good  commutation  as  noted  in  Paragraph  3.  3. 1. 1.  2. 
On  the  other  hand,  considerable  leeway  is  permitted  in  the  choice  of  de¬ 
sign  and  brush  material  for  slip-ring  applications  since  no  switching  action 
is  involved.  The  use  of  low  resistance  brushes  can  be  applied  to  good  ad¬ 
vantage.  For  instance,  th^  use  of  a  low- resistance  brush  composed  of 
many  flexible  metal  contacts  sliding  on  a  chromium  surfaced  slip  -  ring 
gives  radio  interference  reduction  substantially  greater  than  10  to  I  over 
normal  brush  contacts. 

(e)  Altitude  Treatment.  Brush  and  slip-ring  or  commutator  devices  used  in 
aircraft  rotating  electrical  devices  must  be  designed  for  high  altitude  op¬ 
eration,  Brush  Wear  at  high  altitudes  is  much  more  severe  than  at  ground 
level.  This  has  been  attributed  to  the  rarified  atmosphere  and  lack  of 
moisture  at  high  altitudes.  Under  such  conditions  a  layer  of  oxide  does 
not  readily  form  on  the  sliding  metal  surface.  While  the  presence  of  this 
film  is  undesirable  from  a  radio  interference  standpoint  because  of  the 
resiiitiBg  variations  in  contact  resistance,  its  presence  does  reduce  wear 
t>y  serving  as  a  lubricant.  Severe  wear,  especially  if  it  is  not  uniform* 
is  just  as  bad  from  a  radio  interference  standpoint  as  the  presence  of  a 
film  layer.  Consequently,  special  brushes  are  used  which  contain  the  in¬ 
gredients  necessary  for  a  film  layer  to  form.  Impregnated  brushes  have 
been  developed  for  this  purpose  with  built-in  lubrication  and/or  pxygen 
supply.  The  most  successful  of  such  impregnated  brushes  are  those  uti¬ 
lizing  barium  compounds  in  varying  percentages.  It  should  be  noted  that 
hermetical  sealing  of  units  produces  conditions  within  the  container  which 
approximate  those  at  high  altitudes.  Hence  special  brushes  shoiild  be  used 
in  such  units  also. 

3.  2.  1.1.2  COMMUTATION 

Commutation,  as  explained  in  Paragraph  1.  3.  2,  2,  is  essentially  a  switching 
action,  and  as  such  is  normally  accompanied  by  interference  producing  transients  - 
called  break  transients.  This  commutation  interference  is  apart  from  the  brush 
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interference,  or  surface  contact  transients,  explained  in  Paragraph.  3. 2. 1.1,1.  How¬ 
ever,  commutation  is  always  achieved  b  brushes  bearing  on  a  commutator  so  that 
both  contribute  to  the  interference  genera,  d  by  commutator  devices.  This  combined 
interference  is  commonly  called  "motor  hash"  -  a  poor  term  to  use  in  design  prac¬ 
tice  since  no  distinction  is  made  between  brush  and  commutator  interference.  For 
design  purposes,  such  a  distinction  should  be  made  since  the  techniques  applicable 
to  suppressing  each  are  different.  The  reduction  of  brush  interference  necessitates 
providing  a  low,  non-varying  contact  resistance  between  brush  and  sliding  metal, 
while  reducing  commutation  interference  necessitates  the  use  of  special  features 
designed  to  provide  as  smooth  a  transition  as  possible  from  one  value  of  curraiil  to 
another.  Consideration  of  the  requirements  for  good  commutation  may  in  some  cases 
conflict  with  the  choice  of  technique  used  to  suppress  brush  interference.  In  general, 
good  commutation  deserves  first  consideration. 

For  this  reason,  machines  requiring  commutation  are  doubly  troublesome  froni 
a  design  standpoint.  The  design  engineer  shoidd  first  determine  whether  or  not  a 
machine  requiring  commutation  is  absolutely  necessary  for  a  particular  application. 
K,  for  example,  an  induction  motor  can  be  substituted  for  a  direct  current  motor,  it 
should  be  done  even  at  some  sacrifice  of  cost,  ease  of  wiring,  or  ease  of  control. 
Unfortunately,  such  a  substitution  is  not  always  .pos  sible,  mainly  because  of  the  high 
starting  torque  of  certain  direct  current  motors,  which  cannot  be  duplicated  by  al¬ 
ternating  current  machines  except  by  the  addition  of  bulky  and  complicated  devices. 
Therefore,  where  commutation  is  judged  to  be  essential,  special  attention  must  be 
given  to  incorporating  design  features  which  will  minimiae  the  interference  genera¬ 
ted. 


Commutation  interference  itself,  aside  from  any  consideration  of  brush  inter¬ 
ference,  may  be  reduced  by  the  use  of  (1)  intcipolca,  {£)  compeiisating  windings,  (3) 
laminated  brushes,  and  (4)  careful  machining  techniques  to  insure  clean,  symmet¬ 
rical  mechanical  design.  All  these  techniques  are  intended  to  smooth  out  the  com¬ 
mutation  break  transient  as  much  as  possible.  Figure  3,  2.  1. 1.  2- A  shows  a  typical 
oscillographic  voltage  and  current  trace  of  an  armature  coil  undergoing  commutation 
in  a  machine  which  employs  none  pf  these  special  design  techniques.  The  diagram 
actually  illustrates  an  example  of  poor  commutation  where  strong  interference  is 
generated. 

At  point  Z  in  this  figure,  the  current  reversal  in  the  coil  nominally  begins  with 
initial  contact  of  the  leading  edge  of  the  brush  with  the  commutator  bar.  At  point  4, 
the  rever  sal  of  current  (I )  from  plus  to  minus  is  complete  although  the  trailing  edge 
of  the  brush  broke  contact  with  the  bar  at  point  3  where  a  break  transient  is  visible 
on  the  voltage  wave  (E).  Therefore  the  commutation  break  transients  are  seen  to 
originate  at  the  trailing  edges  of  the  brushes,  i.  e.  ,  at  the  end  of  the  commutation 
period  for  each  armature  coil.  The  rise  in  current  evident  in  Figure  3.  2.  1.  1,  2-A 
between  points  1  and  2  on  the  current  wave  (I )  is  the  result  of  a  break  transient  pro¬ 
duced  in  the  coil  immediately  adjacent  to  and  in  advance  of  the  coil  undergoing  com¬ 
mutation  in  the  figure.  It  is  evident  that  transition  in  current  from  point  (1)  to  (4) 
is  far  removed  from  the  ideal  commutation  noted  in  Paragraph  1.3.2, 2  and  the  gen¬ 
eration  of  severe  interference  is  to  be  expected.  In  order  to  reduce  the  generation 
of  commutation  interference  the  steepness  of  the  break  transient  shoiild  be  reduced 
and  the  initial  rate  of  change  of  current  in  the  armature  coil  should  be  greater.  The 
following  techniques  are  employed  to  achieve  this  goal. 
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Fig.  3.  2.  1.1.2-A  Voltage  and  Current  Oscillogram 
During  Commutation  Period  for  an  Armature  Coil 


1,  Interpoles.  The  best  way  of  improving  commutation  is  by  the  addition  of 
interpoles.  The  main  function  of  interpoles  in  DC  machines  is  to  (1)  counterbalance 
the  self* induction  of  the  armature  coils  during  the  commutation  period,  and  (2)  re¬ 
duce  the  induced  voltage  in  the  armature  coils  resulting  from  the  coils  cutting  fring¬ 
ing  flux  from  the  pole  pieces  during  the  commutation  period.  Hence,  the  use  of  pro¬ 
perly  designed  interpoles  would  produce  a  more  rapid  change  in  the  armature  coil 
curtent  at  the  beginning  of  the  commutation  period  and  thereby  reduce  the  steep¬ 
ness  of  the  break  transient  at  the  end  of  the  commutation  period.  Interpoles  are 
usually  not  practical  on  small  machines  because  of  the  added  weight  and  lack  of  space. 
Yet  careful  attention  should  be  given  to  the  possibility  of  using  interpoles  even  though 
contrary  to  normal  practice. 

2.  Compensating  Windings,.  When  interpoles  cannot  be  used,  compensating 
windings  in  the  pole  pieces  will  produce  the  same  effect  as  interpoles.  Compensat¬ 
ing  windings  are  rarely  used  because  of  the  expense  involved  in  cutting  the  slots  into 
the  pole  pieces  and  inserting  the  windings,  in  many  cases,  it  will  be  found  that  the 
additional  expense  is  justified  in  view  of  the  decrease  in  the  generation  of  interfer¬ 
ence. 


3.  Laminated  Brushes.  If  practical  limits  prevent  the  use  of  either  interpoles 
Or  conipens atiing  windings,  aircraft-type  machines  usually  rely  on  so-called  resist¬ 


ance  commutation.  This  scheme  should  reduce  the  current  in  the  receding  bar  to 
zero  at  the  time  the  bar  leaves  the  trailing  edge  of  the  brush.  Actually,  as  Figure 


3.  2,  1.  1.  2-A  indicates,  the  current  does  not  reach  zero  at  the  appropriate  time  and 


a  steep  break  transient  is  produced  when  the  bar  leaves  the  brush. 


Instantaneous  values  of  coil  current  during  commutation  should  depend  only 
upon  the  ratio  of  the  contact  drops  of  the  brush  to  the  commutator  bars  connected  to 
each  end  of  the  armature  coil  being  commutated.  Since  the  self -inductance  of  the 
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armature  coU  tends  to  oppose  the  change  in  cpli  current,  the  armatxire  current  does 
not  divide  in  the  same  ratio  as  the  contact  drops  of  the  brush  to  the  commutator  bars, 
Circidating  currents  flow  in  the  coil  undergoing  commutation  by  way  of  the  commu¬ 
tator  bars  and  brush,  and  the  rateof  change  of  coil  current  is  not  constant,  being  very 
slow  initially  in  the  commutation  period  as  sfeov/n  near  point  2  in  Figure  3,2.1,1,2-A. 
Jf  the  brush  resistivity  is  large  enough  to  reduce  circulating  currents  in  the  beginning 
of  the  commutation  period,  the  initial  current  reversal  would  be  at  a  faster  rate. 
Hence,  low  brush  resistivity,  while  desirable  from  the  standpoint  of  reducing  brush 
interference  as  mentioned  in  Paragraph  3,  2. 1,  1. 1,  is  undesirable  from  the  stand¬ 
point  of  good  commutation, 

3-iowering  the  resisthp^b®  presents<i  to  the  approaching  commutator  bar  and 
raising  the  resistance  presented  to  the  receding  bar  would  favor  the  flow  of  load  cur¬ 
rent  in  the  approaching  bar  and  also  woxdd  introduce  higher  resistance  to  the  cir¬ 
culating  current,  The  use  of  laminated  brushes  with  brush  materials  of  different 
resistivity  produces  such  control  and  hence  gives  a  more  linear  current  reversal. 
Promising  experimental  results  have  been  achieved  with  a  brush  consisting  of  seg¬ 
ments  of  different  resistivities,  the  trailing  segment  haying  the  highest  and  the  lead^ 
iag  segment  having  the  lowest.  The  segments  arc  well  insulated  from  each  other, 
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Fig.  3. 2. 1, 1.  2-B  Commutation  of  an 
Armature  CoU  by  Using  laminated  Brushes 

The  ideal  operation  of  laminated  brushes  is  indicated  in  Figure  3,  2, 1, 1, 2-B, 
In  this  diagram,  a  three-lamination  brush  is  bridging  the  commutator  bars  attached 
to  each  end  of  the  coil  undergoing  commutation.  The  brush  resistance  increases  as 
the  commutator  bar  progresses  from  the  leading  edge  to  thetraiHag  edge  of  th©  lam= 
inated  brush.  The  segments  are  insulated  from  one  another  by  some  suitable  glue 
and  electrically  ©onnected  only  at  the  end  in  contact  with  the  brush  spring.  Hence, 
circulating  currents  resulting  from  the  self-inductance  of  the  coil  under  commutation 
and  from  the  coH  cutting  fringe  flux  from  the  pole  pieces  must  flow  through  the  en¬ 
tire  length  of  two  brush  laminations  whose  total  resistance  is  much  greater  than  that 
presented  by  a  direct  path  across  the  face  of  the  brush  as  would  occur  with  a  non- 
laminated  brush.  Conseq^uently,  circulating  currents  are  reduced  early  in  the  com¬ 
mutation  period  and  a  more  desirable  division  of  current  through  the  two  adjacent 
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commutator  bars  is  achieved.  A  more  linear  coil  current  reversal  is  produced  and 
break  transients  are  considerably  reduced. 

Another  consequential  advantage  to  the  use  of  laminated  brushes  is  that  good 
commutation  can  be  achieved  over  a  fairly  wide  range  of  brush  positions  relative  to 
the  magnetic  neutraL  so  that  this  position  becomes  less  critical  and  less  dependent 
on  the  armature  current. 


The  Details  of  Laminated  Brush  Designs  are  discussed  in  Appendix  XIV,  The 
lamination  design  may  be  summarized  as  follows, 

(a)  Two,  or  at  most  three,  laminations  give  best  performance, 

lb)  The  thickness  of  the  leading  edge  lamination  of  a  two  lamination  brush 
should  be  about  90  percent  of  the  total  brush  thickness  and  its  resistivity 
should  be  as  high  as  allowable  by  consideration  of  heat  dissipation. 

|c)  For  application  to  small  machines,  good  performance  is  obtained  when  the 
resistivity  of  thetrailingedge  lamination  is  about  15  timesthatof  the  lead¬ 
ing  edge, 

(d)  The  trailing  lamination  should  be  thick  enough  to  avoid  mechanical  weak¬ 
ness. 

(e)  The  glue  thickness  should  be  sufficient  to  provide  electrical  insulation  and 
to  avoid  the  formation  of  a  smear  of  conducting  particles  from  brush  wear 
on  the  rubbing  edge  which  would  short-circuit  the  laminations.  (A  ther¬ 
mosetting  glue  of  six-mil  thickness  has  been  foimd  satisfactory, ) 

iieference  to  Figure  3,  £.1. 1,  2- A  shows  a  series  of  radio  interference  tran¬ 
sients  before  point  I  where  commutation  begins.  These  are  the  surface  contact  tran¬ 
sients  mentioned  in  Paragraph  3, 2, 1,1,1,  For  the  case  illustrated  in  this  figure  the 
break  transient  at  point  3  is  relatively  large  compared  to  the  surface  contact  tran¬ 
sients,  This  is  usually  the  situation  observed  for  poor  commutation  and  is  accom¬ 
panied  by  trailing  edge  burning  of  the  bars  or  brushes.  Radio  interference  reduction 
by  the  use  of  laminated  brushes  is  generally  limited  to  such  cases  where  the  break 
transients  are  relatively  large.  In  other  cases,  interference  reduction  can  be  better 
achieved  by  employing  one  or  more  of  the  techniques  noted  for  the  reduction  of  brush 
interference, 

4,  Machining  Techniques.  Any  other  design  feature  that  improves  commu¬ 
tation  in  general  will  also  reduce  the  generation  of  interference.  Considerations  such 
as  uniform  diatribution  sf  armature  coils  with  respect  to  the  commutator  bars  should 
be  given  careful  attention  in  the  light  of  the  requirements  for  good  commutation. 
Careful  machining  techniques  are  necessary  to  insure  good  electrical  and  mechanical 
symmetry.  For  instance,  commutator  interference  can  be  reduced  by  grinding  the 
commutator  precisely  about  its  true  rotating  axis,  Iji  a  typical  case  of  a  very  trouble¬ 
some  DC  generator,  (a)  the  armature  was  chucked  on  the  shaft  centers,  and  the  com¬ 
mutator  was  ground.  The  interference  reduction  resulting  from  this  operation  was 
in  the  ratio  of  approximately  2:1;  (b)  the  same  commutator  was  then  ground,  with 
the  armature  chucked  in  the  generator  bearings.  This  resulted  ixn  an  Interference 
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reduction  by  a  factor  of  about  25:1.  Operation  (a)  represented  the  expected  rotation 
axis,  while  operation  (b)  represented  the  true  rotation  axis. 

3.  2. 1, 1.  3  USE  OF  CAPACITORS  AND  FILTERS 

Even  with  the  best  design,  some  interference  will  still  be  generated  at  the 
brushes  and  during  commutation.  To  prevent  this  from  being  conducted  to  other 
equipment,  capacitors  or  filters  should  be  incorpoi*ated  in  the  original  design.  In 
some  cases,  a  simple  capacitor  of  from  0.05  to  1  microfarad,  depending  on  the  siae 
of  the  machine  and  the  amount  of  interference  generated,  connected  directly  across 
the  brushesj  is  sufficient.  In  other  cases,  a  complete  filter  in  the  output  leads  may 
be  required. 

In  present  day  practice,  machines  are  often  constructed  without  filters,  and 
a  filter  i&  added  later  if  excessive  interference  is  produced.  These  fiiters'are  often 
found  ineffective  because,  once  the  machine  is  completed,  the  brush  terminals  are 
not  accessible,  so  that  leads  of  considerable  length  may  be  required  to  connect  the 
filter,  or  the  filter  is  grounded  to  the  fraune  of  the  machine  which  serves  as  ground 
for  one  of  the  terminals.  As  was  pointed  out  in  Paragraph  1.8. 2, 3,  extremely  short 
and  direct  connections  are  very  important  for  the  effectiveness  of  a  filter  .  The  great 
advantage  of  incorporating  filters  or  capacitors  into  the  original  design  is  that  con¬ 
nections  can  be  made  at  the  point  where  the  suppressing  action  is  most  'effective. 
Much  is  to  be  gained,  for  exaznple,  as  far  as  avoiding  radiation  and  capacitave  coup¬ 
ling  is  concerned  if  the  interfering  currents  can  be  kept  entirely  out  of  the  frame  of 
the  machine.  In  addition,  a  capacitor  connected  directly  across  the  brushes  will  be 
much  more  effective  than  one  connected  from  the  output  lead  to  the  frame*  but  lo¬ 
cated  several  inches  away  from  the  brushes. 

In  the  installation  of  filters  or  capacitors,  the  consideration  of  good  bonding 
(see  Paragraph  3, 1.  3)  is  extremely  important.  In  many  actual  cases,  recent  ex» 
periences  have  shown  that  a  filter  or  capacitor  was  ineffective  only  because  some 
protective  coating  was  not  removed  so  that  no  electrical  contact  was  made  between 
the  filter  and  its  base.  Where  installation  directly  at  the  brushes  is  impossible, 
great  care  should  be  exercised  in  shielding  the  input  leads  from  the  brushes  to  the 
filter  to  the. point  of  entry.  Obviously,  care  should  be  given  to  the  prevention  of  any 
sort  of  coupling  between  the  "clean**  output  leads  and  the  '*noisY”  input  leads  to  a 
filter. 


Filters  for  400  cycle  alternating  current  machines  require  special  attention. 
An  ordinary  capacitor  may  draw  too  much  current  at  the  fundamental  frequency  to 
be  practical.  In  that  case,  it  is  necessary  to  design  a  low-pass  filter  at  the  proper 
impedance  level  with  a  cut-off  frequency  of  about  600  cycles  per  second  according 
to  the  design  equations  of  Appendix  Vll. 

3.2. 1.1.4  SHIELDING 

The  brushes  and  brush  leads  are  the  most  likely  regions  from  which  interfer¬ 
ence  may  be  radiated  or  coupled  with  other  circuits.  Therefore,  unless  the  entire 
machine  is  completely  enclosed  in  such  a  way  as  to  be  adequately  shielded,  the 
brushes,  brush  holders,  and  brush  leads  should  be  shielded  as  completely  as  is 
possible  without  disturbing  their  normal  functioning.  Complete  shielding  of  the  entire 
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machine  sfeotiid  be  used,  when  practical,  in  the  case  of  small  direct-current  machines 
such  a?  dynamotors,  which  generate  a  considerable  amount  of  interference  even  with 
the  best  design.  However,  the  shaft  provides  a  path  for  interference  since  it  must 
penetrate  the  shielding.  The  shielding  of  the  shaft  is  done  in  any  of  the  following 
ways?  using  a  nonconducting  fiber  coupling  in  the  shaft,  or  using  a  condvtctive  pack¬ 
ing  for  the  bearings  where  the  shaft  penetrates  the  shield,  or  using  an  additional  set 
of  brushes  for  the  shaft  near  the  place  where  it  passes  through  the  shielding. 


3.  2. 1. 1.  5  SERIES  DIRECT -CURRENT  MOTORS 

SfSxics  dfxest-current  motors  are  most  frequently  used  in  aircraft  because  of 
their  high  starting  torque.  Many  of  them  have  split  field  windings  so  that  they  can 
be  reversed  quickly  without  changing  more  than  one  connection. 


The  cohsiderations  of  Paragraphs  3.  2. 1.  i.  1  and  3.  2. 1. 1,  2  are  applicable  to 
series  direct-current  motors.  They  may  require  filters  though  first  consideration 
should  be  given  to  a  good,  clean  design,  which  makes  filters  unnecessary.  If  filters 
are  used,  the  series  winding  may  be  utilized  as  their  series  element  so  that  only  ope 
or  two  additional  capacitors  are  required.  The  capacitor  should  be  placed  as  shown 
in  Figure  3.  2. 1,  .1,  5-A  because  first  only  one  instead  of  two  capacitors  are  required 
in  case  of  a  split  field  winding,  and,  secondly,  this  position  leads  to  greater  atten* 
nation  as  proved  in  Appendix  IK.  If  this  is  not  practical  because  of  lack  of  space, 
two  separate  capacitors  must  be  used  as  shown  in  Figure  3.  2. 1, 1,  5-B.  In  several 
experimental  cases,  the  attenuation  was  increased  by  splitting  the  series  field  and 
adding  the  capacitors  as  shown  in  Figure  3.2.1.1.5-C,  In  extreme  cases,  a  pi-section 
should  be  constructed  by  using  capacitors  simultaneously  in  all  three  places.  Oon- 
eideration  should  be  given  to  isolation  of  field  leads  when  utilized  as  a  part  of  a  pi- 
section  Xhese  leads  shovdd  be  shielded  between  the  armature  and  field  con¬ 

nection.  The  power  input  lead  should  be  routed  to  be  as  remote  as  possible  from  all 
other  leads.  The  size  of  the  capacitors  is  determined  hy  the  size  of  the  machine  and 
the  amoiunt  of  interference  generated,  as  explained  in  Appendix  VII,  and  wifi  normally 
be  about  0.05  to  0,5  microfarads. 


To  Power 
Supply 


To  Power 


To  Power 


Fig.  3.2.  1.1.  5-A  Loca¬ 
tion  of  Capacitor  in  Series 
Motor 


Fig.  3.2.  ,1.1.  5-B  Alter¬ 
nate  Location  of  Capaci¬ 
tors  in  Series  Motor 


Fig.  3.2.1.1.5-C  Lo¬ 
cation  of  Capacitors  in 
Split  Series  Field  Motor 
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The  same  consider aiions  also  apply  to  all  other  direct-current  motors.  In  a 
compound  motor,  the  series  field  may  be  used  as  part  of  the  filter  as  in  the  series 
motor  as  shomi  in  Figure  3,2.1,1.6-A.  But  in  a  shunt  motor,  a  complete  filter  must 
be  installed  as  shown  in  Figure  3,2.1.1,b-B  because  the  shunt  field  cannot  be  uti¬ 
lized  for  that  purpose.  In  most  applications,  dynamotors  are  small  units  placed 
directly  .at  the  location  where  their  output  is\xsed.  Since  they  have  two  commutators, 
they  are  fairly  effective  interference  generators,  but  filters,  other  than  compara¬ 
tively  smaE  capacitors  across  the  brushes,  are  not  practical  because  of  their  weight 
and  size.  The  niost  practical  solution  for  these  small  units  is  compict®  shielding 
in  acGordance  with  the  consider<*-tio»9  of  Paragraph  3. 1.  2. 


Fig.  3.  2. 1. 1. 6- A  histallation  of 
Capacitors  in  Direct  Current  ^plit- 
Field  Compound  Mutor 


Fig,  3. 2. 1, 1. 6-B  ipst^jttiQn  of 
Filtpr  in  Pirept  Current  Shunt  Motor 


3.  2, 1. 1.  7  DIRECT -CURRENT  GENERATORS 

Direct-current  generators  are  basically  very  similar  to  direct- cu??pnt  motors 
and  the  same  design  considerations  apply.  Since  the  field  is  normally  fed  from  the 
output  of  the  generator  itself,  this  would  be  classified  as  a  shunt  machine,  and  the 
field  cannot  be  used  as  part  of  the  filter.  This  is  a  serious  restriction  although  in 
most  aircraft  there  are  only  one  or  at  most  a  few  generators,  and  these  are  large 
so  the  size  of  a  fairly  heavy  filter  can  be  prohibitive.  Adequate  filters, 

should  be  incorporated  in  the  positive  output  lead  as  close  to  the  brushes  as  prac¬ 
tical  in  those  cases  where  the  airplane  structure  is  used  as  negative  return  path. 
Even  here,  direct  connection  of  the  filter  ground  terminal  to  the  negative  brush  is 
preferable  to  grounding  it  to  the  frame  only.  Careful  attention  must  be  given  to  pro¬ 
per  bonding  as  pointed  out  in  Paragraph  3. 2. 1.1. 3.  If  the  negative  lead  is  not  ground¬ 
ed,  a  filter  must  he  used  in  each  output  lead  and  a  capacitor  should  be  connected 
directly  across  the  brushes.  It  should  be  remembered,  of  course,  that  filters  are 
used  only  as  a  last  resort,  and  that  a  good  design  may  make  all  filter  s  unnecessary. 
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3,  2.  1. 1.  S  ALTERNATORS 

'  The  considerations  of  Paragraphs  3.  2. 1. 1,  1  through  3.2. 1,  1.4  apply  to  all 
alternating  current  generators.  In  addition,  careful  attention  must  he  given  to  the 
prevention  of  the  generation  of  harmonics.  Production  of  as  pure  a  sine  wave  as 
possible  is  one  of  the  important  '’normal'’considerationsin  thedesignof  alternators. 
But  this  requirement  acquires  a  new  importance  and  is  put  to  a  much  more  severe 
test  when  the  gener  ation  of  r  adio  interference  is  considered.  A  comptdratiyely  minute 
harmonic  content  might  be  quite  tolerable  from  all  points  of  view  except  that  of  radio 
interference. 

Alternators  usually  use  direct-current  exciters  to  provide  the  necessary  mag¬ 
netic  field.  These  should  fee  designed  m  accordance  with  the  recom'mendations  of 
Paragraph  3.2. 1. 1.  7  except  thst  their  size  ususdly  does  not  warrant  the  use  of  a 
complete  filter,  and  a  single  capacitor  connected  across  the  brushes  will  aormadly 
proylde  sufficieipi;  filtering  action. 

To  reduce  the  gene  ration  of  harmonics!,  special  attention  should  fee  given  to 
the  following  items* 

(a)  yiux  distribution.  The  most  important  factor  determining  the  wave  form 
of  the  gener  voltage  is  the  distrifeution  of  the  magnetic  flux  around  the 
periphery  of  the  armature,  Sinusoidal  distribution  naay  be  achieved  by 
chamfering  the  pole  tips  or  skewinf  the  pole  faces, 

Cfe)  Symmetry.  For  a  perfectly  symmetrical  machiiae,  all  even  harmonies 
automatically  disappear,  Therefore,  special  care  most  be  exercised  in 
constructing  identical  pole  pieces,  making  the  yoke  and  armature  perfectly 
symmetrical,  producing  a  perfectly  uniform  winding  on  the  armature,  and 
avoiding  all  other  irregularities, 

(c)  External  Connections .  In  a  three-phase  eiternator,  the  third  harmonic  and 
its  multiples  disappear  at  the  termhasls  except  when  the  machine  is  star 
connected  and  has  its  neutral  grounded,  in  which  case  third  harmonics  are 
present  in  the  voltage  from  any  phase  to  neutral,  Hence,  this  connection 
should  be  avoided,  or  else  special  attention  must  be  given  to  the  prevention 
of  the  third  harmonic  and  its  multiples, 

(d)  Chord  factor.  The  harmonica  generated  may  be  considerably  reduced  by 
the  choice  of  a  suitable  chord  factor.  If  the  difference  between  the  pole 
pitch  and  the  coil  pitch  is  6  electrical  degrees,  the  chord  factor  for  the 
n^h  harmonic  is  cos  (n6/21?.  A  value  of  3Q  is  often  recommended  for  6 
because  this  greatly  reduces  the  chord  factors  for  the  Sth  and  7th  har¬ 
monics  while  affecting  the  fundamental  very  little, 

(e)  Pistribution  factor.  K  the  winding  is  distributed  over  several  slots  per 
pole  per  phase  and  there  are  m  slots  per  pole  per  phase,  the  distribution 

factor  for  the  harmonic  is  where  ft  is  the  slot  pitch  in 

msin(nft/2>  ^ 

electrical  degrees.  This  decreases  with  increasing  m  and  should  be 
chosen  so  as  to  eliminate  the  lowest  harmonic  not  eliminated  by  any  of 
the  devices  mentioned  in  (b),  (c),  and  (d). 
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To^tb.  riTOles.  The  g-ene ration  of  tooth  ripples  can  be  greatly  decreased 
by  slcewiisg  through  one'  slot  pitch  either  the  pole  shoes  or  the  armature 
slots.  Mso,  toothi  ripples  may  be  ellmitaated  altog'Sther'  by  making  the 
aumber  of  armature  slots  per  pole-pair  au  odd  number.  For,  in  this  case, 
the  chord  factors  for  the  harmonics  that  are  contained  in  the  tooth  ripples 
reduce  to  zero. 

Incorporating  the  above  considerations  into  the  original  design  of  an  alternator  pro¬ 
duces  a  machine  which  generates  a  minimum  of  interference.  Such  practice  is  high¬ 
ly  desirable  since  less  demands  have  to  be  made  on  filtering  techniques  to  bring  the 
remaining  conducted  interference  within  tolerable  limits. 

Complete  filters  are  not  usually  required  in  the  output  ef  signed  alte*"- 

nators.  3m.  a  thr’ee-phase  machine,  capacitors  should  be  connected  directly  across 
each  set  of  brushes  as  shown  in  Figure  3.2.1. 1.3,  but  their  value  must  be  somewhat 
smaller  than  that  recommended  for  direct- current  machines  because  the  current  at 
the  fundamental  power  freuqency  must  be  kept  low.  K  filters  should  be  required, 
they  must  he  designed  as  low-pass  filters  with  a  cut-off  frequency  of  about  3/2  times 
the  fundamental  power  frequency,  and  one  is  required  in  each  lead  except  the  ground 
lead< 


Fig,  3,2.  1.  1.  8  Installation  of  Condensers  In 
.  Three  Phase  Alternator  With  Ungrounded  Neutral 

Even  a  well  -  designed  machine  will  radiate  some  interference  which  must  be 
prevented  from  leaking  out  of  the  alternator  housing.  This  necessitates  a  casing 
which  acts  as  a  perfect  shield  and  is  designed  to  permit  a  good  bond  to  the  airframe 
when  installed  in  an  aircraft.  The  additional  requirement  of  adaquate  ventilation, 
especially  fora  machine  in  continuous  operation,  makes  it  difficult  to  design  a  per¬ 
fect  shield.  This  difficulty  can  be  overcome  by  providing  ventilation  through  tubular 
air  vents  which  act  as  wave-guide  attenuators  to  the  interference. 

Consideration  of  the  problems  encountered  in  a  typical  motor -alternator  unit 
will  illustrate  some  design  procedures  that  are  useful  in  bringing  the  generated  in¬ 
terference  within  tolerable  limits.  The  example  chosen  and  discussed  below  is  ac¬ 
tually  a  case  of  a  motor-alternator  that  was  well-designed  from  a  functional  stand¬ 
point  and  contained  a  filter  as  an  integral  part  of  the  unit.  However,  from  the  radio 
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interference  standpoint,  the  original  design  did  hot  adequately  provide  for  good  shield¬ 
ing  and  bonding.  The  modifications  made  to  the  unit  could  easily  have  been  incor¬ 
porated  into  the  original  design. 

The  motor -alternator  was  subjected  to  extensive  tests  which  indicated  that, 
after  obtaining  satisfactory  reduction  of  conducted  interference  by  the  use  of  a  filter 
in  the  DC  power  line,  excessive  radiated  interference  was  present  in  the  medium 
high  and  the  ultra  high  frequency  ranges.  A  unique  technique  for  the  attenuation  of 
radiated  interference  in  motor -alternators  was  developed  by  the  Navy.  A  circular 
section  containing  the  ventilating  louvres  was  cut  from  the  commutator  end-bell  of 
the  housing  and  replaced  by  a  similar  section  having  tubes  of  small  diameter,  which 
act  as  wave-guide  attenuators  as  explained  in  Paragraph  3.  1,  2,  2,  and  at  the  same 
time  p^romde  the  necessary  ventilation.  This  section  of  the  housing  before  and  after 
modification  is  illustrated  in  Figure  3,  2. 1. 1.  8-A.  The  inside  diameter  of  each  tube 


Fig.  3.  2.  1,  1.  8-A  Section  of  Motor-Alternator 
Shield  Before  and  After  Modification 


used  was  19/64  inch,  and  its  length  was  in  excess  of  57/64  inch.  The  niunberof  tubes 
used  was  determined  by  the  requirement  that  the  total  cross-sectional  area  of  the 
openings  should  not  be  less  than  1.6  square  inches  to  assure  sufficient  ventilation. 
Copper  was  used  for  this  modification  but  any  metal  having  high  conductivity,  such 
as  aluminum  or  brass,  could  be  used  provided  that  all  joints  are  capable  of  being 
soldered  or  welded  so  that  no  opening,  other  than  that  of  the  tubes,  exists.  Para¬ 
graph  3. 1.  2.  2  emphasizes  the  necessity  for  avoidi.^g  openings  in  the  shield.  In  ad¬ 
dition,  a  metal  collar  no  less  than  l/32  inch  in  thickness  was  placed  around  these 
tubes  to  provide  rigidity  and  protection.  The  rim  of  the  commutator  end-bell  was 
slotted,  and  the  resulting  "fingers"  were  cleaned  and  polished  as  well  as  sprung 
slightly  inward  to  assure  continuous  and  positive  metal-to-metal  contact  of  the  fric¬ 
tion-fitting  that  joins  the  commutator  end-bell  section  to  the  rest  of  the  alternator 
housing.  Such  modification  to  the  casing  of  the  alternator  provides  for  adequate  at¬ 
tenuation  of  the  radiated  interference.  In  general,  the  use  of  standard  ventilating 
louvres  should  be  avoided  since  the  leakage  of  high  frequency  interference  through 
such  openings  can  be  severe. 
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Since  the  example  under  consideration  is  a  motor-alternator  unit,  the  motor 
itself  must  be  designed  for  interference-free  operation.  Attenuation  of  the  obserired 
motor  interference  was  accomplished  by  bonding  the  negative  lead  from  the  motor 
directly  to  the  case  as  shown  by  the  dashed  connection  of  Figure  Form¬ 

erly  this  lead  was  bonded  to  an  external  structure  ^vhich  is  not  at  the  same  potential 
as  the  case.  Paragraph  1.8. 1.1  emphasizes  the  fact  that  bonding  to  a  structure  does 
not,  in  itself,  assure  the  existence  of  a  true  ground  plane  at  most  of  the  frequencies 
encountered  in  interference  problems.  As  a  result  an  impedance,  Z,  existed  between 
these  points  as  shown  in  Figure  3.2.1.I.8-B.  This  impedance  is  a  part  of  the  closed 
loop,  A-B-C-D-A,  through  which  interference  currents  generated  by  the  motor  flowed. 
The  portion  of  the  same  loop,  A-B-B-A,  which  was  formed  by  connecting  the  nega¬ 
tive  lead  from  the  motor  terminal  to  the  external  ground,  passed  through  strong 
interference  fields,  Interference  voltages  were  induced  in  this  loop  as  indicated  by 
the  equivalent  interference  generator  in  the  figure.  Since  this 

portion  of  the  loop,  E-C-D-A-F,  which  contains  the  external  power  source,  any  in¬ 
terference  voltage  that  appears  across  it  causes  interference  currents  to  flow  in  the 
receivers  which  employ  the  same  power  source. 


e— — - eE 


DC  Voltage 
Source 


Fig,  3,  2.  1.  1, 8-B  -  Ambiguity  of  Ground  Points 


As  a  result  of  incorporating  these  modifications,  it  was  found  that  in  the  region 
of  5  to  20  megacycles  the  radiated  interference  was  reduced  from  a  maximum  vine 
of  42  microvolts  and  an  average  value  of  approximately  20  microvolts  down  to  a  max¬ 
imum  value  of  2  microvolts  and  an  average  value  of  approximately  1/3  microvolt. 
In  the  region  of  1000  megacycles,  no  interference  was  measurable  at  any  distance 
from  the  commutator  end-bell  after  modification. 

This  example  illustrates  how  oftentimes  relatively  minor  ch^tnges  in  design 
can  make  a  piece  of  electrical  machinery  interference-free.  Nevertheless,  the  nec¬ 
essity  of  incorporating  design  changes  no  matter  how  minor  is  both  costly  and  time- 
consuming.  By  following  the  principles  of  good  design  for  interference-free  opera¬ 
tion,  the  need  for  making  changes  in  production  models  in  order  to  meet  specified 
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interference  limits  could  be  avoided.  No  one  design  principle  which  pei'tains  to 
adaquate  bonding,  filtering,  or  shielding  should  be  neglected.  Careful  study  of  the 
unit  betsjg  designed  is  required  in  order  to  provide  means  for  attenuating  or  bottling 
up  all  possible  conducted  and  radiated  interference. 

3.  2.  1.  1.  9  ALTEENATING-CURRENT  MOTORS 

0quirrel  cage  induction  motors  are  not  usually  troublesome  if  they  are  care^ 
fully  designed  for  minimum  generation  of  harmonics.  Motors  with  slip  rings  should 
be  carefully  designed  because  the  installation  of  a  filter  is  not  usually  practical  due  to 
the  addled  weight.  Alteraatihg-currcnt  motors  of  the  type  that  require  commutators 
should  be  avoided  altogether  ir  aircraft. 

Inverters  are  needed  to  supply  alternating  current  in  aircraft  whose  primary 
power  system  consists  of  a£  set  of  direct ‘^current  generators.  Rotary  inverters  are 
inherently  sources  of  interference  because  they  have  commutators  as  well  as  slip 
rings,  and,  in  addition,  they  produce  a  large  number  of  harmonics  of  considerable 
amplitude  both  on  the  input  and  on  the  output  sides. 


Sinqe  basically  a  rotary  inverter  is  a  direct-current  machine  with  added  taps 
on  the  armature  winding  and  slip  rings  connected  to  these  taps,  the  design  consider¬ 
ations  for  direct-current  generators  apply  here  in  full  force.  But  inaddition  to  this, 
filters  must  be  provided  in  all  output  and  input  leads.  This  imposes  a  particularly 
stringent  requirement  on  the  alternating  current  side  because  the  required  filters  are 
heavy  and  bulky;  but,  for  inverters  of  large  size  such  installation  is  usually  necessary 
and  justified. 

3.  2.  1, 2’ VIBRATORS 

Vibrators  are  used  to  convert  direct  current  into  alternating  current  by  means 
of  vibrating  contacts  which  alternately  make  and  break  the  direct- current  linC' .  T  he 
wave  forms  of  the  resulting  currents  and  voltages  are  more  nearly  rectangular  than 
sinusoidal.  They  are  theref  ore  very  rich  in  high  harmonica  and  capable  of  producing 
a  large  amount  of  radio  interference.  If  at  all  possible,  the  use  of  vibrators  should 
be  avoided  and  other  means  of  converting  direct  into  alternating  current  should  be 
employed  in  aircraft.  When  it  is  necessary  to  use  vibrators,  complete  shielding  and 
extensive  filtering  must  be  employed  to  keep  the  interference  from  causing  damage. 

There  is  one  particular  application  of  vibrators  where  the  radio  interference 
is  not  objectionable  and  where  they  are  being  used  extensively:  Engine  -  starting 
vibrators  operate  only  during  the  brief  interval  of  starting  the  aircraft  engine  while 
the  engine  speed  is  not  sufficient  to  allow  the  magneto  to  develop  a  highenoughvolta,ge. 
Once  the  motor  has  reached  a  predetermined  speed,  the  starter  switch  is  disengaged, 
which  also  cuts  off  the  vibrator.  Such  an  arrangement  would  not  be  suitable,  for 
example,  in  aircraft  operating  on  an  aircraft  carrier  because  radio  interference  even 
during  the  short  starting  period  is  not  permissible  in  the  vicinity  of  the  many  receivers 
on  the  carrier  itself.  But  in  land-based  aircraft,  starting  vibrators  are  commonly 
used. 
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This  starting  vibrator,  while  not  in  itself  a  source  of  radio  interference  once 
the  engines  are  running,  causes  radio  interference  problems  of  a  different  kind:  The 
vibrator  unit  offers  coupling  paths  through  which  the  ignition  interference  frc  .  the 
magneto  is  introduced  into  the  direct- current  power  system  of  the  aircraft.  The 
interference  seuld  be  prevented  from  leaving  the  vibrator  housing  by  filtering  the 
power  lead  connecting  the  unit. 

However,  filters  add  weight  and  do  not  represent  the  most  desirable  approach 
for  radio  interference  suppression  in  this  case.  It  was  found  that  appropriate  design 
techniques  applied  to  the  vibrator  unit  itself  accomplished  the  same  purpose  without 
the  use  of  filters. 

A  sketch  of  a  typical  vibrator  unit  is  given  in  Figure  3.  2.  1.  2-A,  There  are 
two  main  component  parts,  an  off-on  relay  and  a  vibrator,  housed  in  a  metal  case. 


Fig.  3.2.  1,2- A  Aircraft  Vibrator  Unit,  Original 

The  moving  contact  arms  of  relay  and  vibrator  are  attached  to  their  metal  frame  and 
are  electrically  insulated  from  ground.  A  shorting  strip  connects  the  magneto  and 
ignition  switch  outlets.  A  starting  mesh-switch,  not  part  of  this  unit,  allows  the 
relay  contacts  to  close,  which  energizes  the  vibrator  and  supplies  high  surge  currents 
to  the  magneto  primary.  This  produces  a  high  voltage  in  the  secondary  coil  of  the 
magneto,  which  supplies  normal  output  to  the  sparkplugs  during  the  interval  required 
by  the  engine  to  reach  a  minimum  running  speed.  The  primary  winding  of  the  mag¬ 
neto  in  series  with  a  set  of  breaker  points,  where  the  opening  and  dosing  of  the 
points  create  low  tension  pulses.  In  this  way,  steep- wave-front  transients  are  pro¬ 
duced,  and  the  resdting  radio-frequency  energy  is  conducted  back  through  the  primary 
lead  of  the  magneto  to  the  vibrator. 

The  interference  voltages  gain  admittance  to  the  direct  current  aircraft  wiring 
by  the  following  coupling  paths: 

(a)  Capacitive  coupling  across  the  open  contacts  of  the  off- on  relay. 

(b)  Capacitive  coupling  between  the  shorting  bar  of  the  two  outlets  and  the  coil 
windings  of  the  relay  and  vibrator. 
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(c)  Capacitive  coupling  between  the  relay  frame,  which  is  directly  connected 
to  the  magneto  primary  circuit  and  the  shorting  bar,  and  the  winding. 

(d)  Electromagnetic  radiation  from  the  relay  frame, 

(e)  Electromagnetic  radiation  from  the  shielding  case,  since  the  shield  is 
broken  by  insiilating  gaskets  on  the  base  plate  and  cover. 

A  typical  unit  was  subjected  to  five  modifications,  %vMch  resulted  in  a  consid¬ 
erable  reduction  of  the  radio  interference  coupled  to  the  direct -cur rent  power  system. 
The  modifications  are  the  following; 

(a)  The  movable  contact  arm  of  the  relay  was  tied  to  the  vibrator  instead  of 
the  magneto  lead,  as  shown  in  Figure  3.  2. 1.  2-D. 

(b)  The  magneto  lead,,  including  the  stationary  contact  point  of  the  relay,  was 
surrounded  by  a  shielding  bushing  having  only  one  small  opening  to  allow 
the  movable  arm  to  make  contact. 

(c)  The  shorting  bar  was  removed  entirely.  The  connections  to  the  ignition 
switch  were  no  longer  made  through  the  vibrator  unit, 

(d)  The  vibrator  coil  was  rewired  to  minimize  capacitive  coupling, 

(e)  A  conductive  gasket  was  inatalled  to  insure  good  electrical  contact  between 
cover  and  base  plate. 


Fig.  3.  2.  1.  2-B  Modified  Vibrator  Unit 

The  vibrator  unit  featuring  these  modifications  is  shown  in  Figure  3.  2.  1.  2-B.  An 
additional  modification  is  suggested  (but  was  not  carried  through  in  the  example 
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shown):  The  capacitive  coupling  across  the  open  relay  contacts  may  be  eliminated 
by  a  grounding  contact  on  the  relay  instead  of  the  existing  open  position. 


The  schematic  diagrams  of  the  original  and  modified  type  are  illustrated  in 
Figures  3.  2.  1.  2-C  and  3,  2. 1.  2-D  for  comparison  purposes.  Tests  on  the  modified 
unit  indicate  an  average  reduction  of  60  db  in  the  frequency  range  of  0.25  to  18 
megacycles,  dropping  to  40  db  between  30  to  144  megacycles.  Grounding  the  mov¬ 
able  contact  arm  of  the  relay  results  in  a  reduction  greater  than  100  db  between 
input  and  output  circuits  of  the  vibrator  throughout  the  frequency  range  of  0.20  to 
l44  megacycles.  The  results  of  such  modifications,  without  the  application  of  filters, 
indicate  that  interference  in  aircraft  equipment  can  be  reduced  to  an  acceptable  level 
by  the  application  of  appropriate  design  techniques. 


I 


Switch 


Fig.  3.  2. 1.  2-C  Schematic  Diagram,  Original  Circuit 


Fig.  3.2.  I.  2-D  Schematic  Diagram,  Modified  Circuit 
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3,  2.  2  ELECTRICAL  OSCILLATIONS  IN  STATIONARY  CIRCUITS 

Radio  interference  generated  by  the  operation  of  electronic  equipment  in  an  *' 

aircraft,  generally  originates  in  stationary  resonant  circuits.  These  include  local 
oscillators,  transmitters,  and  modulators,  which  perform  functions  essential  to  the  * 

operation  of  the  airborne  radio  and  radar  equipment.  The  stationary  sources  of  in- 
terference,  like  the  motional  sources,  are  scattered  throughout  the  aircraft  in  such 
a  fashion  that  each  compartment  and  wing  section  may  contain  severad  pieces  of  elec¬ 
tronic  equipment.  Figure  3.3-C  shows  the  location  in  a  typical  heavy  bomber  of 
various  electronic  coniponents  and  the  routing  of  the  interconnecting  cables.  This 
shows  that  any  offending  electronic  component  may  be  mounted  sufficiently  close  to 
susceptible  components  or  component  wiring  to  introduce  radio  interference  into  these 
units  and  adversely  affect  their  operation.  Consequently,  each  electronic  component  * 

must  be  designed  so  that  electrical  oscillations  are  confined  to  the  upit  itself  and  not 
permitted  to  enter  other  electronic  components  either  directly  or  indirectly  and  cause 
radio  interference.  ^ 

Oscillations  may  occur  in  electrical  systems  whenever  the  passive  circuit  ele¬ 
ments  are  connected  so  that  electrical  energy  may  he  exchanged  periodically  between  * 

them.  Such  oscillations  or  resonant  conditions  can  be  excited  by  any  appropriate 
frequency  component  of  the  applied  signal.  Oscillatory  action  of  this  nature  woxRd 
be  self-sustaining  if  the  resonant  circuit  contained  »o  resistance.  However,  since 
every  practical  circuit  contains  resistance,  the  supplied  energy  is  dissipated  grad¬ 
ually,  and  the  oscillation  is  damped.  Therefore,  tl^^e  peak  values  of  the  current  pr 
voltage  oscillations  will  decay  exponentially  unless  the  dissipated  energy  is  returned  * 

to  the  system.  Circuits  containing  inductive  and  capacitive  parameters,  papable  of 
stpring  energy,  will  resonate  if  properly  excited.  Spurious  oscillations  as  well  aa  * 

the  desired  resonant  condition  may  be  set  up  in  an  electrical  system  by  such  action,  » 

In  any  case  the  sustained  oscillations  mus^  either  self-excited  or  externally  ex¬ 
cited,  Any  amplifying  device,  such  as  a  vacuum  tube,  is  capable  of  generating  and 
sustaining  oscillations.  Due  to  the  amplifying  cbaracteristic  of  the  tube,  power  avail¬ 
able  in  the  output  is  much  greater  than  the  required  input  power.  This  permits  a 
certain  percentage  of  the  output  to  be  fed  back  into  the  input  io  the  same  phase  as  the 
input  energy,  and  thus  supply  its  own  excitation.  Any  parallel-resonant  circuit  is 
an  example  of  external  excitation  when  a  constantly  varying  electromotive  force  is 
applied  across  its  terminals.  The  same  type  of  tuned  circuit  experiences  a  series 
of  transient  oscillations  when  subjected  to  a  sudden  pulse  of  energy. 

Regeneration  is  a  first  requisite  for  sustained  oscillation  in  any  circuit*  The 
amount  of  regeneration  of  in-phase  feedback  must  be  sufficient  to  overcome  the  re¬ 
sistance  losses  presentin  the  input  circuit.  Practical  oscillators  must  be  self- start¬ 
ing  as  well  as  self-sustaining.  The  self- starting  feature  is  provided  by  a  random 
fluctuation  in  voltage  due  to  such  causes  as,  thermal  agitation  in  the  circuit  and  tube, 
fluctuations  in  tube  current  produced  by  shot  effect,  and  contact  differences  of  poten¬ 
tial.  These  random  voltages  cover  the  entire  frequency  spectrum,  but  the  tuned  cir¬ 
cuit  selects  that  particular  frequency  to  which  it  has  a  natural  response  and  amplifies 
it,  by  the  regenera^tive  process,  so  that  an  oscillating  condition  is  maintained.  Un¬ 
desirable  or  "parasitic”  oscillations  result  in  many  circuits  when  the  conditions  for 
resonance  are  present.  A  feedbackpath  for  sustaining  "parasitic"  oscillations  can  be 
supplied  by  the  grid-to-plate  capacitance  of  an  ordinary  amplifying  tube,  the  capaci¬ 
tance  between  adjacent  circuit  wires,  or  the  distributed  capacitance  of  transformer 
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turns,  Liductiye  coupling  between  transformers  also  becomes  serious  when  there 
is  a  relatively  high  gain  between  them.  It  may  be  necessary  to  screen  one  or  both 
transformers  with  metal  of  low  reluctance.  Proper  wiring  layout  will  normally  pre¬ 
vent  coupling  between  adjacent  wires  in  components^  otherwise  shielded  leads  will 
be  required.  Negative  feedback  may  be  employed  to  neutralize  the  effects  of  tube 
capacitance  coupling. 

3.  2.  2. 1  LOCAL  OSCILLATORS 

In  superheterodyne  receivers  the  local  oscillator  circuits  serve  a  useful  pur¬ 
pose  in  supplying  anoutput  whose  frequency  differ  s  from  a  received  signal  frequency 
by  a  const^f  difference.  The  oscillator  energy  must  at  the  same  time  be  prevented 
from  coupling  through  any  path  leading  to  the  antennaor  chassis  and  risking  radiation 
which  will  interfere  with  the  normal  operation  of  adjacent  eiectronic  equipment.  This 
is  discussed  under  Paragraph  3.4.  4, 

3 .  2.  2>  2  TRANSMITTERS 

Radio  transmitters  are  generators  of  radio  frequency  energy  which  is  coh'^ 
tioUed  by  the  inteUigence  to  be  transmitted.  The  very  heart  of  such  a  generator  is 
the  oscillator  circuit  v^hosefreqiiency  of  operation  must  be  highly  stable  for  the  usual 
transmitter  applications.  Accordingly  under  most  conditions  the  frequency  stability 
of  a  crystal  oecElator  is  desired,.  However,  the  frequency  range  in  which  crystals 
mey  be  employed  is  limited,  and  at  the  higher  radio  frequencies  harmonic  generators 
must  be  used.  An  important  exception  exists  in  microwave  systems  where  techniques 
of  operation  have  not  been  fully  developed  and  the  spectrum  is  not  at  all  crowded,  and 
frequency  control  is  often  obtained  by  the  use  of  cavity  resonators,  To  accomplish 
their  purpose  with  a  high  quality  of  transmission,  radio  transmitters  must  be  free 
from  harmonic  radiation,  spurious  sidebands,  distortion,  and  hum.  Radiation  of 
harmonics  is  particularly  troublesome  in  high-powered  transmitters.  One  percent 
of  second  harmonic  radiation  in  a  5Q-kw  transmitter  corresponds  to  a  5  watt  power 
signal  level,  and  can  readily  produce  an  interfering  signal  over  considerable  area. 

Negative  feedback  is  frequently  used  in  transmitters.  The  schematic  diagram 
shown  in  Figure  3,  2,  2, 2-A  illustrates  the  operation  of  a  feedback  amidifier. 


Signal  Cg 
Actual  Input  =  Cg 


Amplifier 
With  gain  A 


Output  E 
Output  =  E  =  A(ea  +<«E) 


Feedback  or  circuit 


Fig.  3.  2.  2.  2-A  Feedback  Amplifier  Schematic 


The  quantity  A  represents  the  amplifier  gain,  and  es  the  supplied  signal,  A  frac” 
tional  part,  fi  E,  of  the  output  E  is  added  to  the  external  input,  so  that  the  actual  in¬ 
put  consists  of  the  signal  eg  plus  this  fractional  part  4E.  The  total  input,  multiplied 
by  the  gain,,  must  equal  the  output.  Thus,  E  =  A(eg  +  yeE).  Representing  the  gain 
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as  t]i«  xstkj  of  otatpiat  to  oxtornal  input,  it  is  simple  to  derive  a  gain  formula. 

~  actual  gain 
E  =  A{es  +  i^E) 

E  ~  Ae5  +  A^E  (3“’29) 

Aes  =  E-A>»E 

/.E/eg  -  A/{1-Ay9)  =  gain  with  feedback. 

If  the  feedback  opposes  the  input  signal,  then  fi  is  considered  negative.  The 
quantity-  Afi  is  called  the  fee  iback  factor,  and  if  this  quantity  is  much  larger  than 
unity,  then  the  gain  is  reduced  to  -  I/a  .  Thus  when  the  feedback  is  large,  the  ef¬ 
fective  amplification  depends  only  on  the  value  of  >3,  and  is  practically  independent 
of  the  actual  gain  produced  by  the  amplifier.  If  the  feedback  circuit  employs  a  re¬ 
sistance  network,  the  gain  is  almost  independent  of  frequency  but  has  phase  shift  of 
approximately  0®  or  130®.  If  it  is  desired  to  have  amplification  vary  with  frequency, 
then  the  feedback  circuit  (^  circuit)  can  be  designed  to  have  the  desired  transmission- 
loss  characteristic. 


Negative  feedback  causes  a  reduction  in  amplitude  distortion  since  some  of  the 
distortion  is  fed  back  to  the  input  through  the  feedback  circuit  and  reamplified  in  such 
phase  as  to  cancel  out  most  of  the  original  distortion.  If  D  indicates  distortion  in  the 
output  and  d  the  distortion  generated  in  the  amplifier,  then 

D  s  d/(l-A;e)  (3-30) 

A  large  feedback  factor,  (recall  that  ^  is  negative  for  opposing  phase),  will  greatly 
reduce  distortion  in  the  output. 

Feedback  will  modify  the  signal-to-interference  ratio  by  the  following  relation¬ 
ship,  eigiial -to -'interference  ratio  with  feedback/signal-to-interferencc  ratio  with¬ 
out  feedback  s  Af  /Ap(l»A^).  Af  represents  the  amplification  taking  place  between 
the  point  where  the  interference  is  introduced  and  the  output,  with  feedback, 
represents  the  same  amplification  without  feedback.  The  equation  is  based  on  the 
assumption  that  it  is  the  same  interference  in  each  case  and  that  the  output  voltages 
are  the  same.  Atialysis  shows  that  feedback  will  reduce  interference  introduced  in 
the  high  level  stages  of  the  amplifier,  as  for  exEumple  a  poorly  filtered  power  supply 
in  the  plate  circuit  of  the  final  tube.  It  will  not  aid  in  reducing  interference  entering 
the  low-level  stages,  as  microphonics  or  induced  hum,  since  the  feedback  affects 
the  inter<'erence  and  normal  signal  output  to  about  the  same  extent. 


The  preceding  paragraphs  serve  as  background  for  appreciating  some  of  the 
benefits  of  negative  feedback.  However,  oscillations  can  result  from  such  feedback 
because  of  accompanying  phase  shift.  In  the  normal  range  of  frequencies,  circuit 
arrangements  are  such  that  feedback  is  negative.  At  the  very  low  and  very  high  fre¬ 
quencies,  the  r  stages  produce  phase  shifts  sufficient  to  cause  the  feedback 

factor*  A,®^  to  change  from  negative  to  positive.  Oscillations  are  not  usueiHy  en¬ 
countered  in  two-  stage  arrangements  unles  s  the  feedback  factor  is  ma.de  large.  Where 
there  are  more  than  two  stages,  however,  oscillations  tend  to  take  place  even  with 
a  moderate  amount  of  feedback. 


Phase  shift  depends  upon  variation  in  the  amplitude  of  transmission  with  fre¬ 
quency  and  its  polarity  on  the  sign  of  the  slope  of  the  transmission  characteristics. 
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Where  the  transmission  is  constant  with  frequency,  that  is  a  flat  response,  there  is 
no  phase  shift.  If  the  amplitude  of  transmission,  "a",  has  a  constant  variation,  then 
the  phase  shift  is  directly  proportional  to  the  slope  of  the  amplitude  characteristic. 
Expressed  as  an  equation  - 

Phase  shift  ^  jr_  da  /3-31) 

in  radians  "  12  ^  du 

where  da/du  represents  variation  in  the  amplitude  of  transmission  expressed  in  dec¬ 
ibels  change  in  transmis  sion  for  an  octave  change  in  frequency.  In  designing  a  feed¬ 
back  system  to  avoid  oscillations  it  is  only  necessary  to  consider  the  way  in  which 
the  amplitude  of  transmissi'^n  varies  with  frequency.  Thus  if  the  feedback  factor, 
Ajd,  has  shifted  in  phase  by  180®  and  becomes  positive,  the  magnitude  of  A/®  must 
have  decreased  to  less  than  unity-  to  avoid  oscillations. 

In  frequency-modulated  transmitter  s  negative  feedback  will  give  the  same  ben¬ 
efits  as  in  the  amplitude -modulated  system.  The  problem  of  preventing  oscillations 
will  also  be  the  same  and  therefore  subject  to  the  same  design  considerations  pre¬ 
viously  discuf sed. 

3.  2, 2. 3  MODULATORS 

Radar  modulators  are  capable  of  producing  large  amounts  of  interference.  The 
problem  of  reducing  the  interference  to  meet  required  specifications  can  and  must 
be  solved  by  proper  design  and  internal  shielding. 

Measurements  we  re  msde  on  a  line  type  modulator  to  determine  the  best  method 
for  reducing  interference  conducted  along  the  power  line,  A  single  copper  sheet 
between  primary  .and  secondary -windings  served  as  an  electrostatic  shield  for  the 
power  and  filament  transformers.  Primary  leads  were  placed  as  far  from  the  thy- 
ratron  as  possible  and  at  right  angles  to  other  wiring.  The  primary  power  leads 
were  shielded  with  copper  tubing  from  the  transformers  to  the  point  where  they  left 
the  modulator  case,  and  this  shielding  was  grounded.  Partition  shielding  was  used 
to  separate  the  rectifier  from  thethyratron.  These  features  are  illustrated  in  Figure 
3,2,2.3-A, 


Fig,  3,2.2.  3-A  Radar  Modulator  and  Pulse  Lead  Shielding 
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Fig.  3.2.2.3-B  Interference  Plotted  Aguinst  Frequency 

Interference  was  reduced  to  less  than  50  microvolts  over  the  entire  spectrum* 
from  0,2  to  20  megacycles,  without  adding  filters.  When  used,  filters  offered  addi¬ 
tional  interference  suppression  from  0  to  5.5  me,  but  the  difference  was  minor  above 
5.5  me,  and  therefore  without  justification  in  view  of  their  additional  weight  and  size. 
Individual  shields  were  also  used  in  place  of  the  partition,  and  offered  considerably 
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greater  reduction  in  the  region  of  two  megacycles.  The  relative  merits  of  these 
design  features  are  shown  in  the  graph  of  Figure  3,2,2,3-B« 


3,  2, 2, 4  TRANSFORMERS 


Iron  core  transformers  have  a  norx-linear  relationship  existing  between  ilux 
and  magnetizing  force  wMch  produces  harmonics  in  the  lower  and  upper  regions  of 
operation.  With  high  fluxdensities  harmonic  generationresults  from  core  saturation. 
The  permeability  of  the  iron  core  is  not  constant  and  hence  the  inductance  is  not 
constant.  This  causes  the  input  impedance  of  the  transformer  to  vary  in  a  non-linear 
fashion  which  produces  currents  not  present  in  the  original  input  as  discussed  in 
Paragraph  #,3.1.3,  Atlowvalues  of  flux  density,  harmonics  are  also  produced,  hut 
they  are  caused  fey  the  variation  of  that  part  of  the  total  resistive  component  of  the 
input  impedance  which  represents  the  hysteresis  ioss.  As  this  portion  of  the  resis¬ 
tive  component  varies,  so  will  the  power  loss  vary,  increasing  in  a  complex  manner 
with  the  flux  density.  The  higher  order  harmonics  are  particularly  troublesome 
since  they  may  lead  to  resonance  conditions  between  the  secondary  inductance  and 
the  distributed  capacitance.  The  energy,  once  developed,  may  readily  find  a  coup¬ 
ling  path  to  nearby  receivers  through  power  leads  or  even  produce  radiation  strong 
enough  to  interfere  with  adjacent  equipment,  Harnivnics  developed 
by  the  power  transformer  may  be  coupled  to  the  antenna  with  consequent  radiation, 
through  the  capacity  existing  between  primary  and  secondary.  This  latter  effect, 
however,  is  readily  cured  by  the  use  of  a  Faraday  shield,  A  variable  permeability 
at  high  fltjx  densities  may  be  avoided  within  extended  limits  by  using  better  grade 
cores  suited  to  a  particular  purpose.  Permalloy,  hipernik,  mumetal,  perminvar, 
among  others  are  characterised  by  high  maximum  permeability.  There  is  far  less 
harmonic  generation  when  using  permalloy  than  whei'  using  silicon  steel,  and  per¬ 
minvar  is  many  times  better  than  permalloy. 


The  designer  of  aircraft  electronic  equipment,  mindful  of  the  severity  of  the 
interference  problem,  must  carefully  select  an  appropriate  transformer  suited  to  a 
particular  purpose  wherever  iron^core  transformers  are  to  be  used. 

3, 2, 2, 5  PARASITIC  OSCII^IATIONS 


Oscillations  which  occur  at  other  than  a  desired  frequency,  or  outside  a  tank 
circuit,  are  called  parasitic  oscillations.  They  may  take  place  in  oscillators  as  well 
as  in  ordinary  power  amplifiers,  and  the  energy  they  represent  is  capable  of  reduc¬ 
ing  the  normal  output  at  the  operating  frequency  to  a  small  fraction  of  its  value.  These 


spurious  frequencies  give  rise  to  distortion  in  linear 
may  produce  spurious  side  bands,  cause  flashovers. 


amplifiers  and  modulators,  and 
and  other  undesirable  effects. 


Parasitiesmay  be  of  higher  or  lower  frequency  than  the  normal  operating  fre¬ 
quency  of  the  amplifier  or  oscillator.  When  a  circuit  possesses  sufficient  energy- 
storage  capabilities  and  enough  feedback  of  the  proper  phase,  it  will  oscillate,  and 
the  effect  is  normally  super-imposed  on  the  output  of  the  amplifier  or  oscillator. 


High  frequency  parasitic  oscillations,  usually  above  30  megacycles,  may  exist 
in  tuned  radio- frequency  electronic  circuits.  The  circuits  give  rise  to  parasitic  os¬ 
cillations  due  to  the  lead  inductance  between  tube  and  tank  circuit  and  the  interelec¬ 
trode  capacities  of  the  tube.  When  large  tubes  are  used,  the  long  leads  and  rather 
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large  inter  electrode  capacities,  as  well  as  Mgh  transconductance  of  a  given  tube, 
increase  the  possibility  of  parasitic  oscillations*  Ordinary  triodes;  have  a  feedback 
path  through  the  grid-plate  capacitance*  in  pentodes  there  is  coupling  at  high  fre¬ 
quencies  since  the  screen  and  suppressor  grids  are  no  longer  at  asero  potential  be¬ 
cause  of  the  ground  lead  inductance.  The  coupling  capacities  are  from  plate  to  sup¬ 
pressor,  and  from  grid  to  cathode*  Part  of  the  lead  inductance  is  due  to  the  internal 
Wiring  of  suppressor  and  caUiode,  as  shown  in  Figure  3*2,2,5-A,  and  the  remainder 
due  to  the  lead  wires  of  the  by-pass  capacitor  to  ground,  XJie  .capacitor  itself,  at 
relatively  high  frequencies,  is  like  a  short  circuit*  This  analysis  will  explain  why 
tubes  designed  for  ultra  hi||h  frequency  applications  have  a  separate  suppressor  grid 
pin  on  the  tube  base.  This  should  be  directly  connected  to  the  chassis  and  not  to  the 
cathode. 


Ik 

^Fig*  3, 2«  2, 5-A  Schematic  of  Lead  Inductance  at  IMgh  Frequencies 

a 

For  a  better  understanding  of  parasitic  oscillations  and  the  means  of  preventing  » 

them  at  frequencies  well  above  the  normal  range  of  operation,  consider  the  class  C 
ampUfier  illustrated  in  Figure  3,2,  2, 5-B, 


Fig,  3.2,2,5-B  Conventional  Class  C  Amplifier 

At  high  frequencies  the  capacitances  Cj  and  C2  of  the  tank  circuits  are  prac¬ 
tically  short  circuits,  while  the  tank  inductances,  Lj  and  L2  may  be  treated  as  open 
circuits  due  to  the  high  impedances  at  the  frequencies  involved.  Under  these  condi¬ 
tions,  the  circuit  reduces  to  a  tuned-grid-tuned-plate  oscillator  type,  as  shown  in 
Figure  3,  2,  2*  5-C,  The  grid  and  plate  tuning  capacities  are  supplied  by  the  inter- 
electrode  capacitances  of  the  tube,  and  the  inductances,  L_  and  L^,  by  the  lead  in¬ 
ductances  between  electrodes.  By  comparing  this  figure  with  Figure  3,2*2,5«B,  it 
is  noted  that  the  neutralizing  capacity  is  not  effective  since  it  forms  no  part  of  the 
parasitic  oscillatory  circuit. 
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The  parasitic  oscillations  may  be  prevented  by  inserting  a  small  resistance, 
about  1  to  25  ohms,  in  series  with  the  grid  or  plate  lead.  It  is  preferable  to  insert 
it  in  the  plate  lead  since  it  then  affects  the  parasitic  current  directly,  but  is  not  in 
series  with  the  main  oscillating  circuit.  Detuning  processes  are  effective  in  elim^ 
mating  parasitics.  The  resonant  frequency  of  the  grid  circuit  may  be  increased,  or 
that  of  the  plate  decreased,  which  causes  the  plate  circuit  to  offer  a  capacitive  react¬ 
ance  and  thus  introduces  positive  resistance  into  the  grid  circuits  The  detuning 
process  may  also  be  accomplished  by  shortening  the  grid  leads  to  decrease  their 
inductance  and  lengthening  the  plate  leads,  or  inserting  a  small  choke  in  the  plate 
lead  next  to  the  tube.  The  resonant  frequency  of  the  plate  circuit  being  much  lower 
than  the  grid  circuit,  oscillations  cannot  occur. 


Fig.  3, 2,2.5 -C  Class  C  Amplifier,  Equivalent  Circuit 

Low  frequency  parasitics  occur  where  radio-frequency  chokes  are  used  in 
series  with  the  DC  supply  te  both  plate  and  grid,  as  shown  in  Figure  3,2,2, 5-D, 
while  the  equivalent  circuit  is  shown  in  Figure  3.2.2, 5-E,  At  frequencies  well  be- 


Fig.  3.  2.  2.  5-D  Fig.  3.  2.  2.  5-E 

Amplifier  Circuit  Equivalent  Parasitic  Circuit 

low  the  operating  frequency  the  tank  circuits'  inductances  are  effectively  short  cir¬ 
cuits,  and  the  equivalent  tuned- grid -tuned-plate  circuit  employs  the  chokes,  Lj^and 
L2t  as  inductances  and  the  interelectrode  capacitances  of  the  tubes  as  tuning  capac¬ 
itances,  Again  the  neutralizing  condensers  are  not  effective  in  preventing  coupling, 
since  the  tubes  act  in  parallel  for  the  parasitic  action,  rather  than  push-pull.  Chokes 
are  to  be  avoided,  if  possible.  If,  however,  it  is  necessary  touse  them,  oscillations 
will  be  prevented  by  a  selection  of  chokes  such  that  the  resonant  frequency  of  the 
grid  circuit  is  higher  than  that  of  the  plate. 
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Parasitic  oscillations  may  occur  in  the  grid  circuit  of  a,  vacuum  tube.  Through- 
out  a  given  voltage  range,  grid  current  may  decrease  as  grid  voltage  increases  be¬ 
cause  of  secondary  emission.  This  indicates  a  negative  grid  resistance  over  that 
range  and  may  result  in  parasitic  oscillations.  Besides  the  possibility  of  undesir¬ 
able  oscillations,  severe  distortion  would  be  present  in  the  output,  and  operation 
within  the  voltage  range  where  this  action  occurs  is  to  be  entirely  avoided  by  proper 
adjustment  of  the  plate  voltage  and  the  grid  bias. 

Pentagrid  and  triode-hexode  converter  tubes,  which  combine  the  functions  of 
oscillator  and  mixer  tubes,  are  characterized  by  a  type  of  interaction  which  results 
from  coupling  between  the  signal  grid  and  virtual  cathode  in  the  vicinity  of  the  signal 
grid.  The  virtual  cathode  pulsates  at  the  oscillator  frequency  and  thus  induces  cur¬ 
rents  at  the  same  frequency  in  the  signal  grid  circuit.  This  effect  increases  with 
frequency.  At  high  frequencies,  the  tuned  circuit  of  the  signal-input  grid  has  a 
resonant  frequency  that  may  differ  from  the  oscillator  frequency  by  only  a  small 
amount.  Thus  considerable  impedance  is  offered  to  the  induced  current  of  the  local 
oscillator  frequency.  The  result  is  that  the  oscillator  voltage  developed  on  the  signal 
grid  causes  the  output  to  drop  and  to  become  relatively  independent  of  the  input  tuned 
•  circuit.  This  space -charge  coupling  can  be  effectively  neutralized  by  inserting  a 
capacitance  in  series  with  a  small  resistance  between  signal  and  oscillator  grids. 
This  arrangement  is  indicated,  by  dotted  line,  in  Figure  3.  2.  2,  5-F. 


Fig.  3.  2.  2.  5-F  Neutralization  of  Space -Charge  Coupling 
3.  2.  2.  6  TRANSIENTS  IN  RESONANT  CIRCUITS 

The  circuits  previously  mentioned  in  Paragraph  3.  2.  2.  5,  which  were  capable  of 
setting  up  parasitic  oscillations,  may  just  as  easily  set  up  transient  oscillations. 
The  parasites  represent  the  condition  of  sustained  oscillations,  while  the  transients 
are  damped  oscillations  decaying  with  time.  Transients  may  be  produced  in  any 
circuit  when  it  is  disturbed  by  any  sudden  electrical  change,  such  as  a  pulse  of  energy, 
or  the  discharge  of  a  capacitor.  Transient  oscillations  may  produce  interference  in 
a  receiver  output  such  as  reduction  of  the  output  and  introduction  of  distortion  and 
spurious  frequencies.  A  group  of  damped  oscillations,  repeated  periodically  may 
produce  interference  in  the  output. at  the  repetition  frequency.  If  only  one  or  two 
oscillations  of  appreciable  intensity  are  present*  or  if  single  pulses  of  negligible 
width  act  on  a  resonant  circuit,  they  may  produce  disturbances  in  the  output  due  to 
their  broad  energy  spectra  as  explained  in  Paragraphs  1. 2  and  1.  7.  2. 

Oscillations  produced  in  coupled  circuits  are  more  complex  than  a  simple 
damped  train  of  oscillations  in  a  single  circuit.  An  analysis  of  transients  in  electrical 
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systems  results  in  a  mathematical  expression  of  the  voltage-time,  cvir rent -time, 
and  charge-time  relationships  of  a  system.  The  equations  involved  indicate  the  na¬ 
ture  of  the  oscillations,  and  how  they  may  be  prevented.  Applying  Kircboff*s  volt¬ 
age  law  to  the  series  LCR  circuit  shown  in  Figure  3,  2,2,6  yields  the  equation 


E  -  iR  -  L 


^  -L  r 

dt  c  y  ^ 


i  dt  =  0 


(3-32) 


An  analysis  of  this  equation  was  made  in  Paragraph  1,8, 1 .  2  and  it  was  shown  there 
that  critical  damping  exists  for  the  condition  K.  =  2  y'  li/C,  If  Ris  less  than  2 
the  circuit  is  underdamped,  the  dissipation  is  small,  and  the  circuit  will  be  subject 
to  damped  oscillations.  If  R.  is  greater  than  2  \/Li/C,  it  is  overdamped  and  oscilla¬ 
tions  are  prevented.  The  circuit  shown  is  used  chiefly  for  the  purpose  of  analysis, 
and  the  oscillations  could  result  from  the  actual  closing  of  a  switch,  or  from  a  pulse 
of  energy  inductively  coupled  to  the  circuit  inductance. 
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Fig,  3.2.  2,  6  Series  LCR  Circuit 


3.2,3  ARCING 

Arcing  as  a  source  of  radio  interference  is  discussed  in  Paragraph  1.3. 2.4. 
Most  arcs  that  are  troublesome  in  electrical  or  electronic  equipment  occur  in  con¬ 
nection  with  switching  processes.  Switching  transients  cause  radio  interference 
even  in  the  absence  of  arcing,  but  usually  the  interference  is  increased  by  a  large 
factor  when  arcs  are  present.  Arcing  is  most  severe  in  circuits  having  high  induc¬ 
tance  because  it  is  the  magnetic  energy  stored  in  the  inductance  that  must  be  dissipated 
in  the  arc,  Basic  arc -suppression  techniques  are  discussed  in  Paragraph  1,  8, 1,2, 

3 .  2 .  3 .  1  IGNITION  SPARKS 

Present  aircraft  engine  ignition  systems  are  good  examples  of  radio  inter¬ 
ference  generators  of  the  type  discussed  above  because  of  the  steep-wave  transients 
that  ensue  immediately  after  the  firing  of  each  spark  plug.  Figure  3,2,3, 1 -A  shows 
the  wave  shape  of  an  ignition  pulse  when  the  output  of  a  magneto  is  connected  to  a 
typica-l  ignition  system.  This  figure  shows  that  the  ignition  pulse  consists  of  a  funda¬ 
mental  and  a  series  of  high  frequency  harmonics  that  are  the  cause  of  radio  inter¬ 
ference  originating  in  the  ignition  system. 

This  interference  can  be  prevented  from  being  radiated  or  coupled  into  other 
aircraft  wiring  if  the  entire  system  is  encased  in  a  continuous  metallic  shield  whichis 
adequately  bonded  to  the  aircraft  strixcture.  The  use  of  filters  is  usually  not  satisfac¬ 
tory  because  any  filter  sufficiently  efficient  to  remove  all  high  frequency  components 
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Fig,  3,2,3. 1-A  Wave  Shape  of  an  Ignition  Pulse 

of  an  ignition  pulse  would  also  destroy  the  characteristic  wave  shape  which  is  es¬ 
sential  to  the  correct  functioning  of  the  ignition  system.  Spark  plugs,  which  pro¬ 
duce,  the  ignition  spark  by  using  the  power  and  voltage  developed  by  the  magneto, 
must  also  be  shielded  to  prevent  the  radiation  of  radio  interference  energy.  Figure 
3,2,  3,  1-B  shows  a  typical  spark  plug,  threaded  into  a  recessed  well  in  the  cylinder 
head,  as  well  as  the  finned  metallic  enclosure  which  is  employed  to  shield  and  cool 
the  plug. 
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Fig,  3,2,3,  1-B  Spark-Plug  Cooler  and  Radio  Shield 

Suppressors,  i,e,,  impedance  elements  placed  in  series  with  the  high  tension 
lead  of  the  distributor,  are  also  employed  to  decrease  the  level  of  ignition  interference 
in  aircraft.  The  purpose  of  suppressors  is  threefold; 

(a)  To  reduce  the  energy  of  the  ignition  impulse  to  such  a  value  that  spark 
plug  erosion  may  be  minimized. 
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(b)  To  render  the  circuit  non-os cillatory. 

(c)  To  reduce  the  steepness  of  the  pulse  wave  front. 

It  is  necessary  to  reduce  the  steepness  of  the  wave  front  because  even  single 
periodic  pulses  are  capable  of  setting  up  oscillations  in  the  resonant  circuits  of  ad¬ 
jacent  receivers  if  the  wave  front  is  sufficiently  steep.  The  steepness  of  the  wave 
front  is  lowered  by  suppressors  because  the  added  resistance  increases  the  time 
required  for  the  current  to  rise  from  zero  to  its  maximum  value  or  to  fall  to  zero 
from  its  maximum  value. 

Suppressors,  however,  have  not  come  into  general  usage  in  aircraft  for  the 
following  reasons: 

(a)  Suppressors  having  a  resistance  of  the  order  of  magnitude  10,000  to  20,000 
ohms  have  been  found  to  reduce  spark  plug  erosion  and  eliminate  radio  in¬ 
terference,  but  they  have  caused  excessive  fouling  of  the  spark  plug  points 
and  insulators.  This  results  in  the  malfunctioning  of  the  ignition  system. 

(b)  Suppressors  having  a  resistance  of  the  order  of  magnitude  1000  ohms  have 
met  with  limited  success,  but  the  difficulty  in  obtaining  and  maintaining 
the  necessary  permanent  resistance  -  temperature  characteristics  have 
prevented  further  development. 

3.  2.  3.2  T-R  BOXES 

The  transmit- receive  box  is  a  cavity-gas  switch  used  in  a  microwave  radar 
set  employing  a  single  antenna  for  transmission  and  reception*  It  prevents  the  trans¬ 
mitted  pulse  from  entering  the  receiver  and  does  not  interfere  with  the  reception  of 
the  reflected  pulse.  The  box  contains  a  tube,  a  resonant  cavity  which  can  be  tuned, 
and  provision  for  coupling  the  input  and  output  circuits  to  the  cavity.  Two  conical 
metallic  electrodes  separated  by  a  short  distance  are  enclosed  in  the  tube,  together 
with  a  slight  amount  of  water  vapor  to  improve  the  recovery  time.  The  transmitter 
pulse  causes  a  spark  discharge  in  the  tube  which  detunes  the  resonant  cavity.  This 
introduces  a  high  degree  of  attenuation  between  transmitter  and  receiver  circuits. 
The  cavity  in  a  discharging  state  is  a  means  of  rejecting  the  flow  of  radio  frequency 
energy,  whereas  in  the  non -discharging  state,  there  is  a  good  match  between  input 
and  output  with  very  little  reduction  in  delivered  power.  The  various  elements,  with 
their  connections,  are  illustrated  in  Figure  3.2.3.2-A. 

The  T-R  box  must  be  well  shielded  in  order  to  prevent  the  interference  due  to 
the  arc  from  affecting  adjacent  equipments.  Energy  entering  the  receiver  must  pass 
through  the  T-R  box,  and  during  the  interval  of  a  transmitted  pulse,  a  small  amount 
of  transmitted  energy  will  enter  the  receiver.  This  is  referred  to  as  leakage  power. 
The  leakage  power  consists  of  three  components;  (1)  the  "spike"  of  energy,  (2)  the 
flat  power,  and  (3)  direct  coupling  power.  These  terms  are  explained  in  Figure 
3.2.3. 2-B,  which  shows  a  typ’cal  leakage  power  pulse  together  with  an  idealized 
pulse  for  comparison. 

The  energy  contained  in  the  spike  contributes  to  converter  crystal  failure,  and 
to  a  far  smaller  extent  so  does  the  power  in  the  flat  section  of  the  pulse.  The  time 
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Fig,  3.  2,  3,2-B  The  Shape  of  the  Leakage  Power  Pulse 

interval  of  the  spike  has  been  estimated  at  approximately  1/1000  of  a  microsecond, 
and  the  energy  content  is  mostly  dependent  on  the  steepness  of  the  transmitted  pulse 
wave  front  and  the  repetition  rate.  At  low  repetition  rates,  (less  than  1000  pulses 
per  second),  the  spike  energy  may  be  reduced  by  a  direct -current  glow  discharge 
near  the  radio  frequency  gap,  A  "keep-alive"  electrode  is  supplied  in  all  standard 
T-R  tubes  which  provides  a  continuous  supply  of  ions  and  free  electrons  to  help  es¬ 
tablish  the  desired  conditions  in  the  radio -frequency  discharge  path.  However,  os¬ 
cillations  may  result  due  to  the  negative -resistance  characteristics  of  the  low  current 
discharge.  This  produces  a  cyclic  variationin  the  number  of  free  electrons  and  ions 
in  the  gap  and  causes  the  spike  energy  to  fluctuate.  The  mean  free  path  of  an  elec¬ 
tron  is,  in  general,  of  the  same  order  of  magnitude  as  the  distance  betv/een  elec¬ 
trodes,  but  very  few  electrons  reach  the  electrodes  because  of  the  very  rapid  varia¬ 
tions  in  the  radio-frequency  field.  Therefore,  electrons  oscillate  back  and  forth, 
losing  energy  to  the  neutral  gas  molecules  and  to  positive  ions  through  occasional 
collisions,  A  limiting  resistance  mounted  close  to  the  cap  of  the  "keep-alive"  elec¬ 
trode  will  minimize  the  effects  of  these  undesirable  oscillations.  If  the  oscillations 
persist,  it  is  evidence  of  tube  failure  or  a  supply  voltage  that  is  too  low.  The  aux¬ 
iliary  discharge  current  may  be  increased,  but  the  T-R  tube  life  would  be  corres¬ 
pondingly  reduced. 
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When  the  radar  set  is  first  turned  on,  there  are  no  residual  ions  in  the  dis¬ 
charge  gap,  and  during  the  time  of  the  first  fev/  pulses  the  spike  may  have  a  danger¬ 
ously  high  value,  A  "crystal  gate"  is  usually  provided  to  isolate  the  crystal  from 
the  T-R  box  until  stable  transmitting  conditions  have  been  reached,  and  until  the 
T-R  tube  discharge  has  been  established.  Another  important  function  of  the  gate  is 
to  offer  protection  to  the  crystal,  when  the  radar  is  idle,  from  damage  by  the  radiated 
energy  of  other  radars  operating  nearby. 


The  flat  portion  of  leakage  power  indicated  in  Figure  3,2.3,2-B  is,  in  general, 
proportional  to  the  spacing  of  the  gap.  Most  crystals  withstand  flat  power  levels 
very  well.  Direct  coupling,  however,  which  is  directly  proportional  to  transmitter 
power  and  is  a  component  of  the  flat  portion,  will  result  in  damage  to  the  crystal 
under  improper  operating  conditions.  This  is  so  when  the  magnetron  develops  an 
appreciable  amount  of  power  at  frequencies  other  than  the  frequency  of  normal  oper 
ati“n,  U  they  are  in  the  vicinity  of  the  resonant  frequencies  f©”  these  direct  si 
modes  in  the  T-R  box,  they  may  easily  be  transmitted  with  little  attenuation 
is  a  threat  to  efficient  operation  in  very- high- power  systems. 


This 
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High  speed  oscillographic  measurements  of  radio  interference  produced  by 
relays  lead  to  the  following  conclusions: 

(a)  The  coil  of  the  relay  can  be  replaced  by  »  capacitor  having  a  capacitance 
equal  to  the  distributed  capacitance  of  the  coil  without  altering  the  shape 
pf  the  current  transient  wave  during  the  first  few  microseconds  after  power 
is  supplied  to  the  circuity  as  shown  in  Figures  3,2*3,  3-A  and  B,  This 
indicates  that  the  distributed  capacitance  effectively  f'shorts  out”  the  cpil 
during  this  short  interval  and  is  responsible  for  the  generation  of  inter¬ 
ference  transients. 


Microseconds 


(A) 


(B) 


Fig,  3.  2.  3,  3 -A  and  B  Equivalence  of  Relay  Coil  to  Capacitance 
in  Initial  Closure  Current  Transient 
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(b)  Typical  relay  coils  exhibit  a  high  ratio  of  inductance  to  distributed  capaci¬ 
tance,  which  re  suits  in  high  amplitude  voltage  surges  with  steep  wave  fronts 
caused  by  the  collapse  of  the  magnetic  field  about  the  relay  coil  when  the 
current  is  interrupted.  Figures  3.2.  3.  3-C  and  D  show  that  the  voltage 
across  the  coil  rises  quickly  to  the  supply  voltage  of  G.7  volts  DC  when  the 
circuit  is  closed,  but  on  the  break  the  potential  rises  to  a  value  of  approx¬ 
imately  100  times  the  supply  voltage  in  about  three  microseconds  and  then 
decays  to  a  zero  value  at  a  rate  determined  by  the  inductance,  distributed 
capacitance,  and  resistance  of  the  winding.  It  shoixld  be  emphasized  that 
this  voltage  surge  possesses  a  steep  wave  front  which  is  capable  of  pro¬ 
ducing  violent  shock  excitations  in  receivers  tunable  over  a  wide  range. 

(c)  Switching  units,  with  the  exception  of  mercury  switches,  display  mechan¬ 
ical  bounce  or  chatter  which  causes  repetitive  closures  and  interruptions 
of  the  current  when  the  switch  is  closed.  The  long  duration  sweep  shown 
in  Figure  3,2,3,3-E  shows  the  effect  of  the  bouncing  switch  contacts  when 
the  circuit  is  made.  The  high  amplitude  voltage  surges  shown  in  the  figure 
are  evidence  that  the  points  remain  in  contact  sufficiently  long  to  establish 
an  appreciable  current  in  the  coil.  These  transients  developed  at  the  make 
of  the  circuit  are  of  greater  duration  and  severity  than  those  developed  at 
the  break  of  the  circuit, 


(C) 


Microseconds 


Fig,  3, 2,3, 3-C  and  D  Make  and  Break  Voltages  Across  a  Relay  Coil 


(d)  In  addition  to  the  transients  due  to  mechanical  bouncing,  there  occur  rapid 
closures  and  interruptions  of  the  circuit.  These  are  at  a  faster  rate  than 
those  due  to  the  naechanical  bouncing  of  the  relay  contacts  at  the  make  of 
the  circuit  as  described  above.  This  is  shown  in  Figure  3,2.3.  3-F.  As 
the  contacts  move  outward,  the  contact  area  for  the  flow  of  current  de¬ 
creases  resxxlting  in  local  heating,  which  causes  the  contacts  to  pit  and 
sputter  until  the  circuit  is  broken.  The  amplitude  of  the  resultant  induced 
voltage  is  sufficiently  high  to  imitate  ''cold"  emission  from  the  projecting 
area  of  the  relay  contacts.  This  is  accompanied  by  local  heating,  which 
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Fig,  3, 2.3,  3 -E  Bouncing  Transients  in  Closing  a  Relay 

causes  the  contact  material  to  melt  and  neck  out  until  the  circuit  is  again 
closed.  This  process  repeats  at  an  exceedingly  rapid  rate  until  the  relay 
contacts  are  separated  far  enough  to  prevent  the  voltage  gradient  from 
rising  to  the  value  necessary  for  cold  emission.  These  closures  and  in¬ 
terruptions  of  the  circuit  are  also  responsible  for  the  generation  of  steep 
wave  forms,  which  cause  radio  interference  in  adjacent  electronic  circuits. 


1  2  3-4  5 

Microseconds 


Fig,  3,2,  3,3-F  Pitting  Transients  in  Opening  a  Relay 

A  reduction  of  the  interference  is  obtained  by  enclosing  the  offending  relay  and 
its  associated  circuit  within  a  metallic  shield.  However,  direct  oscillographic  meas¬ 
urements  show  that  singly  shielded  conductors  are  incapable  of  completely  elim¬ 
inating  radiations  from  the  central  conductor  of  a  coaxial  cable,  A  typical  measure¬ 
ment  shows  that  the  ratio  of  pick-up  voltage  of  an  adjacent  external  pick-up  wire  to 
the  central  conductor  of  a  coaxial  cable  is  approximately  I  to  1000.  Therefore,  it 
is  frequently  necessary  to  resort  to  multiple  shielding  of  conductors  along  which 
surges  of  extreme  sharpness  are  propagated  if  effective  interference  reduction  is 
to  be  obtained. 

The  use  of  low  pass  filters  is  probably  the  most  practical  means  of  suppressing 
the  interference  developed  by  relays  or  other  devices  which  develop  similar  steep 
wave  transients.  Studies  of  low-pass  networks  reveal  that  a  series -inductance, 
shunt-capacitance  network  transmits  the  least  high  frequency  energy.  Filters  of 
this  type,  how'ever,  fail  to  effect  complete  surge  suppression  because  of  the  distri¬ 
buted  capacitance  of  the  inductance  and  the  inductance  that  is  inherently  present  in 
the  capacitor  leads.  This  suggests  that  the  most  effective  low-pass  filter  should  con¬ 
sist  of  an  inductance  witn  the  least  possible  distributed  capacitance  in  conjunction 
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with  a  feed-through  capacitor.  Capacitors  of  this  type  are  described  in  Paragraph 
3,  1, 1,  5,  Furthermore,  losses  may  be  introduced  into  the  filter  to  dampen  the  low 
frequency  oscillations  that  may  appear  in  this  system, 

A  resistor  in  series  with  a  capacitor  connected  across  the  contacts  is  another 
method  used  for  the  suppression  of  interference,  A  capacitor  should  never  be  con¬ 
nected  across  the  contacts  without  including  a  aeries  resistance  because  the  discharge 
of  the  condenser  when  the  contacts  are  closed  can  cause  a  heavy  surge  if  not  con¬ 
trolled  by  the  resistor,  Refer  to  Paragraph  1,8, 1,2  for  a  detailed  discussion  of 
this  method  of  arc  prevention, 

3. 2. 3, 4  POOR  BONDING 

One  of  the  purposes  of  boMinSj  as  explained  in  Paragraph  1,  8,  1,  1,  is  to  pre¬ 
vent  arcing  between  adjoining  metal  parts.  Bonding  techniques  are  covered  fully  in 
the  Military  Specification  on  Electrical  Bonding  for  Aircraft  (MIL-B-SDS?),  and 
little  radio- isitsrference  trouble  due  to  arcing  between  poorly  bonded  members  may 
be  expected  if  these  specifications  are  strictly  adhered  to.  In  fact^  since  there  are 
many  other  reasons  for  bonding,  some  of  v/hich  impose  much  more  stringent  require¬ 
ments,  strict  adherence  to  the  bonding  specifications  will  usually  insure  the  elimina¬ 
tion  of  interference-producing  arcs  between  members  and  parts  covered  by  these 
specifications. 

There  are*  however,  certain  cases,  not  fully  covered  by  these  specifications, 
which  deserve  special  attention  from  the  interference  point  of  view.  For  example, 
arcing  may  occur  between  two  metallic  surfaces  in  the  presence  of  a  strong  electric 
field,  as  near  a  transmitting  antenna,  if  the  bonding  connection  between  them  has 
opened  up  by  corrosion.  The  resulting  radio  interference  may  well  be  the  only  indi¬ 
cation  of  the  fact  that  a  poor  bond  exists.  Another  example  is  the  arcing  that  may 
occur  between  the  individual  strands  of  copper-mesh  screening  at  the  cross-over 
points  if  good  electrical  contact  is  not  made.  It  has  been  observed  that  the  copper- 
mesh  wall  of  a  screened  room  can  be  the  source  of  considerable  radio  interference 
when  strong  radio-frequency  fields  are  present.  Good  bonding  of  the  strands  at  the 
cross-over  points  eliminates  this  interference  entirely.  Therefore,  it  is  concluded 
that  the  same  construction  techniques  must  be  employed  for  copper-mesh  screens 
used,  for  example,  to  shield  ventilating  louvres  of  electrical  machines  in  aircraft, 

3.  2.  3,  5  SWITCHES 

Any  switching  device  causes  transients  during  opening  and  closing,  as  explained 
in  Paragraph  1. 3,2.2.  Therefore,  in  T:he  design  of  all  switches  used  in  aircraft,  the 
radio- interference  problem  must  be  i>.;onsidered  from  the  outset. 

As  was  pointed  out  in  Paragraph  1.8. 1.2,  arcing  occurs  during  the  normal 
operation  of  a  switch  when  used  to  interrupt  the  flow  of  currexit,  la  fact,  the  inter¬ 
ruption  of  a  current  in  a  circuit  maybe  said  to  consist  of  substituting  a  highly  ionissed 
and  therefore  conducting  gaseous  medium,  i,  e, ,  an  arc,  for  a  part  of  the  metallic 
circuit,  and  then  subjecting  this  arc  tc  strong  de-ionizing  influences.  The  arc  is 
extinguished  when  the  energy  stored  in  the  inductance  of  the  circuit  is  dissipated 
and  the  voltage  drops  below  the  value  required  to  maintain  the  arc.  To  prevent  the 
arc,  the  current,  instead  of  being  interrupted,  is  channeled  into  another  branch 
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containing  a  series  capacitance  and  resistor.  Thus  the  energy  is  partly  stored  in  the 
capacitor  and  partly  dissipated  in  the  resistor,  which  also  serves  to  daxnp  out  any 
oscillations  that  may  occur  as  a  result  of  the  added  capacitance. 

The  design  of  these  R~C  arc-suppression  networks  is  treated  in  Paragraph 
1.8. 1.2.  They  must  he  used  whenever  switches  or  relays  are  used  to  interrupt  cur¬ 
rents  large  enough  to  cause  radio  interference.  An  alternative  method  is  to  com¬ 
pletely  shield  and  filter  the  unit,  and  when  the  currents  to  be  interrupted  are  large, 
this  may  be  the  only  effective  method.  But  for  small  units,  the  use  of  an  efficiently 
designed  R-C  network  may  make  shielding  and  filtering  unnecessary,  and  great  sav¬ 
ings  in  weight  and  space  requirements  may  be  effected, 

3,  2,  3,  6  FLUORESCENT  LAMPS 

Fluorescent  lamps  contain  mercury  vapor  at  lowpressure  which  undef  electron 
excitation,  obtained  by  applying  a  difference  of  potential  across  the  lamps,  emits 
invisible  ultra  violet  radiation.  This  in  turn  excites  visible  luminescence  in  the  in¬ 
ternal  phosphor  coating.  A  fluorescent  lamp  ballast  -  a  coll  of  insulated  copper  wire 
wound  on  an  iron  core  -  is  placed  in  series  with  the  lamp  to  limit  the  current  to  its 
rated  value.  Many  lamps  are  also  equipped  with  starters  whose  function  is  to  com¬ 
plete  a  separate  circuit  so  that  a  pre-heat  current  can  flow  through  the  cathode  before 
the  lamp  operates. 


Since  basicislly  the  light  source  in  a  fluorescent  lamp  is  an  arc,  considerable 
interference  may  be  expected.  This  interference  is  both  conducted  away  from  the 
lamp  through  the  power  leads  and  also  radiated  directly  from  the  lamp.  The  radia¬ 
tion  takes  place  mostly  at  frequencies  above  80  megacycles  and  is  very  difficult  to 
control.  Shielding  with  solid  shielding  material  is  obviously  not  feasible  because 
there  is  no  transparent  conducting  material.  Shielding  by  means  of  copper-mesh 
has  been  attempted,  but  such  shielding  also  reduces  considerably  the  amount  of  light 
available  from  the  lamp.  The  exact  frequencies  and  intensities  of  direct  radiation 
are  quite  unpredictable  and  depend  greatly  on  the  age,  condition,  and  type  of  lamp. 
For  this  reason,  the  use  of  fluorescent  lamps  in  the  vicinity  of  any  electrordc  equip¬ 
ment  or  sensitive  wiring  should  be  avoided  entirely. 

As  far  as  the  conducted  interference  is  concerned,  the  capacitor  normally  con¬ 
nected  across  the  switch  contacts  to  aid  starting  also  aids  greatly  in  by-passing  the 
interfering  current  components  and  keeping  them  out  of  the  power  line.  If  the  inter¬ 
ference  reduction  with  this  one  capacitor  is  not  sufficient,  a  power -line  filter,  de¬ 
signed  according  to  the  procedures  explained  in  Paragraph  3. 1,1. 2,  must  he  added. 
Thus  it  is  seen  that  the  use  of  fluorescent  lamps  is  undesirable  also  from  the  point 
of  view  of  conducted  interference.  However,  the  interference  originating  in  fluores¬ 
cent  tubes  is  sometimes  put  to  use  as  the  signal  source  of  signal  generators  useful 
in  measuring  receiver  response  in  the  ultra  high  frequency  range.  The  signal  gen¬ 
erators  presently  in  use  are  adequate  for  general  testing  but  because  of  their  limited 
power  output  they  are  inadequate  for  testing  wide  range  receivers. 

3,  3  DESIGN  CONSIDERATIONS  APPLIED  TO  AIRCRAFT  SYSTEMS 

Present  day  military  aircraft  are  almost  completely  controlled  by  electrical 
systems.  Even  hydraulic  systems  depend  upon  electrical  control  circuits  for  their 
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operation.  The  large  increase  in  number  and  complexity  of  the  electric^  and  elec¬ 
tronic  systems  has  greatly  increased  the  radio  interference  problem.  Close  prox¬ 
imity  of  components,  bundling  of  wiring  into  common  cables,  and  high  encsrgy  inter¬ 
ference  sources,  ha^ve  increased  the  number  of  paths  over  which  interference  signals 
may  enter  radio  and  radar  receivers  as  well  as  the  probability  for  such  action.  Radio 
interference  levels  that  produced  no  adverse  effect  whatsoever  in  old  model  aircraft 
can  no  longer  be  tolerated  in  present  day  models.  Since  each  crew  member  must 
operate  one  or  more  radio  or  radar  sets,  all  indicators  and  controls  involved  must 
be  located  within  the  respective  operator's  reach.  This  requires  bundling  of  power, 
indicator,  and  control  wiring  of  several  different  systems  in  the  same  cables.  Figure 
3.3-A  shows  a  radar  operator's  position  in  a  typical  aircraft  installation.  Here  the 
close  equipment  mounting,  parallel  wiring,  and  wire  bundling  can  be  seen  clearly, 

A  typical  radar  compartment  installation  is  illustrated  in  Figure  3.3-B.  The 
radar  modulator,  IFF  unit,  alternator,  and  inverter  are  located  relatively  close  to 
one  another  and  their  interconnecting  cables  are  bundled  together.  This  offers  the 
possibility  for  the  high  level  radio  interference  emanating  from  the  modulator  imit 
to  enter  the  IFF  and  AC  power  systems  and  gain  access  into  many  other  electronic 
circuits  throughout  the  aircraft.  Also,  the  interconnecting  cables  passing  through 
the  compartment  may  pick  up  interference  signals  and  conduct  them  into  the  various 
receivers.  It  shotild  be  stressed  that  electrical  servo  systems  and  control  actuators 
may  also  introduce  interfering  signals  into  the  electronic  circuits, 

A  typical  aircraft  electrical  and  electronic  system  installation  is  represented 
in  Figure  3.3?-C.  This  shows  the  necessity  for  bundling  and  paralleling  of  c.rcuit 
wiring.  The  operation^  necessity  for  mounting  control  boxes  and  indicators  close 
together  is  also  illustrated  in  this  figure.  When  it  is  fully  realized  that  each  system 
must  operate  in  conjunction  with  the  many  other  systems  in  close  proximity,  then 
the  magnitude  of  the  system  installation  problem  can  be  appreciated. 

Design  engineers  of  electriccd  and  electronic  systems  must  be  thoroughly  fa¬ 
miliar  with  the  installation  problems  and  techniques  to  insure  interference-free  oper¬ 
ation  in  the  original  lay-out.  The  system  must  be  so  designed  that  interference  sig¬ 
nals  cannot  enter  or  leave  the  system,  due  to  conduction,  radiation  or  inductive  or 
capacitive  coupling.  Proper  observ<ince  of  good  source  suppression  and  systems 
design  techniques  will  guarantee  satisfactory  functioning  of  all  electrical  and  elec¬ 
tronic  systems  regardless  of  their  number  or  complexity. 

3.  3.  1  ELECTRONIC  SYSTEMS 

Electronic  systems  are  generally  susceptible  to  mterference  ^though  any  one 
of  them  may  be  capable  of  generating  interference  which  can  affect  iome  other  elec¬ 
tronic  system.  The  arrangement  and  interconnecting  wires  of  the  component  parts 
of  each  of  these  systems  within  the  aircraft  presents  an  array  by  which  interference 
may  couple  into  the  system.  An  analysis  from  the  radio  interference  point  of  view 
of  each  of  these  systems  can  be  made  without  any  prior  knowledge  of  how  interference 
may  actually  couple  into  or  leak  out  of  the  system.  Various  components  of  each 
system  are  either  susceptible  to  picking  up  radio  interference  or  generators  of  in¬ 
terference  or  harmonics.  If  the  assumption  is  made  that  the  source  suppression  of 
"noisy"  components  cannot  be  absolutely  perfect,  additional  design  considerations 
such  as  routing  of  wires,  shielding,  shading,  arrangement  and  location  of  equipment 
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are  necessary  to  insure  interference -free  operation  of  the  system  and  should  be 
pointed  out  to  the  design  engineer  to  increase  his  appreciation  of  the  overall  problem. 
Moreover  consideration  should  be  given  to  reducing  the  susceptibility  of  various  parts 
of  the  system  so  as  to  tolerate  the  presence  of  interference  fields  without  any  adver  se 
effects.  This  in  no  way  advocates  a  "tailored”  installation.  It  is  merely  intended  to 
illustrate  to  any  individual  design  engineer  why  and  how  he  must  broaden  his  view¬ 
point  of  the  radio  interference  problem  and  where  in  the  design  of  the  general  layout 
of  a  system  attention  must  be  given  to  certain  special  considerations.  Many  specific 
examples  exist  where  interference  entered  or  leaked  out  of  a  system  as  a  resixlt  of 
poor  design  practis  >,  The  following  paragraphs  describe  typical  installations  which 
serve  to  point  out  some  of  the  general  considerations.  Each  of  these  has  peculiar 
characteristics  as  to  power  supply,  antenna  location,  receiver -trauismitter  combi¬ 
nation,  etc. ,  which  deserve  enumeration  and  illustration  to  create  a  picture  of  the 
nature  of  the  physical  situation  under  consideration. 

3.  3,  1.  i  RADIO  RANGE  AND  HF  SYSTEM 

High  frequency  radio  systems  used  in  present  day  aircraft  are  designed  to  pro¬ 
vide  air-to-ground  communication  utilizing  voice,  code,  and  tone  modulated  CW 
transmission.  Essentially,  the  system  is  a  multi-channel  radio  receiving  and  trans¬ 
mitting  equipment  used  for  HF  command  and  radio  range  purposes  consisting  of  (1) 
three  receivers  with  frequency  ranges  of.  190  -  550  kc,  3,0  -  6.0  me  and  6,0  -  9,1  me; 
(2)  two  transmitters  with  5.3  -  7,0  me  and  4,0  -  5.3  me  frequency  ranges,  (3)  re¬ 
mote  control  boxes,  and  (4)  a  modulator,  all  located  in  the  cabin  on  the  top  radio 
shelf  in  the  navigator’s  compartment;  (5)  an  antenna  relay  mounted  in  an  inverted 
position  on  the  cabin  overhead,  and  (6)  two  wire  antennas  rimning  between  three  masts 
located  on  the  top  of  the  fuselage,  (one  for  the  range  receiver  emd  the  other  for  the 
transmitter  and  the  command  receivers).  The  HF  equipment  provides  tretnsmission 
on  two  preset  chaxmels  and  reception  through  the  frequency  range  of  3,0  -  9,1  me* 
The  low  frequency  receiver  receives  radio  range  signals  in  the  190  -  550  kc  frequency 
range.  In  a  typical  installation  this  system  serves  the  following  stations:  (1)  pilot, 
(2)  co-pilot,  (3)  radio  operator,  (4)  radar -navigator,  (5)  two  observers,  and  (6)  tail 
compartment  stations. 

The  receivers  and  transmitters  are  potential  radio  interference  sources  and 
are  also  susceptible  to  radio  interference.  Since  the  components  of  this  system  are 
widely  separated  there  is  a  strong  possibility  that  interference  signals  can  enter  or 
leave  the  system  by  radiation  or  inductive  (or  capacitive)  coupling  from  the  system 
wiring.  Conductive  access  to  and  from  the  HF  system  is  also  provided  by  the  inter¬ 
phone  and  power  systems.  The  paths  over  which  interference  can  enter  or  leave  the 
system  as  shown  in  Figure  3. 3, 1,1  are;  (l)  antenna  leads,  (2)  power  leads,  (3)  me¬ 
chanical  remote  control  cables,  (4)  interphone  connections  to  the  earphone  and  micro¬ 
phone,  and  (5)  penetration  of  case.  There  is  also  the  possibility  of  intersystem  in¬ 
terference  through  the  antenna  relay. 

Interference  entering  the  transmitter  case  wovtld  be  radiated  and  manifest  it¬ 
self  at  receiving  stations  on  the  ground  or  in  other  aircraft,  in  the  form  of  disturbing 
modixlations  producing  "noise"  in  the  respective  audio  output  systems.  Since  this 
type  of  interference  has  not  been  encountered  in  actual  experience,  the  problem  will 
not  be  discussed  further  except  to  point  out  the  possibility  and  to  recognize  that  these 
paths  of  entry  do  exist.  Some  future  installations  could  alter  the  situation  sufficiently 
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Fig.  3.  3.  1.  1  Paths  of  Ititerference  Signal 
in  a  Typical  Radio  Range  and  HF  System 
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to  produce  malfunctioning  in  the  transmitter  or  in  ground  stations  if  proper  design 
techniques  are  not  carefully  considered  during  the  fimctional  design  of  the  transmitter 
system. 

The  circuitry  of  the  HF  system  should  be  arranged  and  components  placed  so 
that  a  minimum  of  shielding  and  filtering  is  required.  Reference  to  Figure  3.3. 1. 1 
shows  that  the  HF  system  is  directly  connected  to  other  electrical  and  electronic 
systems  in  the  aircraft  through  connecting  cables:  (1)  DC  power  supply  to  trans¬ 
mitter  and  receiver  dynamotors,  (2)  receiver  audio  output  to  interphone  system,  (3) 
transmitter  microphone  connection  to  interphone  systems.  These  lines  should  be 
filtered  to  prevent  interference  from  entering  or  leaving  the  system  by  conduction 
(refer  to*Paragraph  1.8.2, 3  and  Appendix  VII  for  details  of  filtering  and  filter  design). 

The  long  antennas,  the  relatively  long  antenna  leads,  and  the  long  HF  system 
wiring  increase  the  susceptibility  of  the  overall  system  to  radiated  interference  as 
well  as  increase  the  interference -source  potentialities  of  the  system.  This  can  he 
reduced  by  proper  routing  and  shielding  where  necessary.  In  general,  the  antenna 
lead  to  the  r  ange  receiver  is  adequately  shielded  and  bonded  to  prevent  interference 
difficulties  over  this  path,  Howevet,  if  this  antenna  lead  should  be  routed  very  close 
to  a  high  energy  interference  source,  additional  shielding  would  be  required.  The 
command  receiver  leads  are  shielded  between  the  receiver  rack  and  the  antenna  re¬ 
lay  So  as  to  be  relatively  interference-free.  The  transmitting  antenna  lead  between 
the  transmitter  rack  and  the  antenna  relay  as  well  as  the  antenna  lead  from  the  an¬ 
tenna  relay  to  the  command  antenna  are  not  shielded  and  therefore  introduce  a  serious 
interference  problem. 

The  long  HF  system  wiring  extending  the  length  of  the  fuselage  in  a  typical  in¬ 
stallation  provides  a  means  of  coupling  interference  signals  into  or  out  of  the  HF 
system.  If  these  cables  are  bundled  with  other  susceptible  system  wiring,  or  other 
probable  interference  -  generating  system  wiring,  they  should  be  shielded,  unless 
rerouting  is  practicable. 

Satisfactory  HF  system  operation  in  conjunction  with  the  electrical  and  elec¬ 
tronic  systems  in  actual  aircraft  instedlations  depends  largely  upon  the  care  exercised 
by  the  designer  in  a,pplying  radio  interference  suppression  techniques  to  the  instal¬ 
lations  of  other  aircraft  systems  as  well  as  the  HF  system  itself.  However,  in  any 
event,  observation  of  design  techniques  outlined  in  this  book  together  with  specific 
attention  to  the  particular  problems  discussed  herein  should  result  in  a  system  free 
from  objectionable  radio  interference, 

3.  3.  1.  2  VERY  HIGH  FREQUENCY  RADIO  RECEIVER  SYSTEMS 

Very  high  frequency  radio  systems  used  in  present  day  aircraft  are  designed 
primarily  to  provide  air-to-air  or  air-to-ground  communication.  The  system  iss 
generally  composed  of  a  radio  receiver,  radio  transmitter,  power  junction  box,  an¬ 
tenna,  control  units,  and  necessary  interconnecting  cords.  In  early  models  the 
transmitter,  receiver,  and  power  junction  box  were  housed  in  sep-^rate  cases  while 
later  more  compact  designs  have  incorporated  all  three  components  in  one  case. 


Anv  one  of  eight  channels  within  the  VHF  range  may  be  selected  for  operation. 
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Remote  operation  is  provided  by  a  remote  control  box  and  control  cables.  An  audio 
output  signal  provided  by  the  VHF  receiver  is  available  at  any  one  of  the  interphone 
stations. 

The  installation  of  a  representative  VHF  Radio  Set  in  a  typical  aircraft  has 
been,  selected  as  an  example.  The  discussion  to  follow  applies  specifically  to  this 
particular  layout.  However,  since  all  such  systems  are  functionally  similar,  gener¬ 
ality  is  still  maintained. 

One  antenna  is  utilized  to  radiate  or  receive  radio-frequency  energy  by  the 
VHF  system.  This  antenna  is  generally  mounted  on  the  top  or  underside  of  the  fuse¬ 
lage,  near  the  pilot’s  or  navigator's  compartment.  The  pilot's  remote  control  box 
is  mounted  within  reach  of  the  pilot  when  seated  at  the  flight  controls.  In  a  typical 
installation  one  interphone  control  box  each,  located  within  reach  of  each  crewmem¬ 
ber,  would  be  provided  for  the  pilot,  co-pilot,  navigator,  and  radio  operator.  The 
receiver,  traiTsmitter,  and  power  junction  are  mounted  in  the  compartment  behind 
the  pilot.  There  are  no  components  located  in  the  tail  or  wing  sections.  Intercon¬ 
necting  cords  are  bundled  with  other  electrical  wiring  passing  through  the  compart¬ 
ment. 

The  three  principal  components,  receiver,  transmitter,  and  power  junction 
box,  are  potential  radio  interference  sources.  Of  these,  only  the  transmitter  and 
receiver  are  susceptible  to  radio  interference.  Even  though  the  functioning  of  the 
control  and  power  junction  boxes  may  be  unaffected  by  interference  signals,  they 
may  serve  as  paths  of  entry  for  undesired  signals. 

As  shown  in  Figure  3,3. 1.2-A,  interfering  signals  may  enter  the  transmitter 
case  by  way  of  the  (1)  antenna  terminal,  (2)  antenna  connection  from  the  receiver, 
and  (3)  power  and  control  cables. 

Interfering  signals  may  enter  the  receiver  case  over  any  of  the  following  paths 
also  shown  in  the  figure.  These  are:  (1)  antenna  terminal,  (2)  power  and  control 
cable,  or  (3)  through  penetration  of  the  case,  A  detailed  discussion  of  receiver  de¬ 
sign  techniques  for  interference-free  operation  is  given  in  Paragraph  3.4, 

Interference  entering  the  transmitter  case  may  be  radiated  and  manifest  it¬ 
self  at  receiving  stations  on  the  ground  or  in  other  aircraft,  in  the  form  of  disturbing 
modulations  producing  "noise"  in  the  respective  audio  output  systems.  Since  this 
has  not  been  particularly  disturbing,  the  problem  will  not  be  discussed  further  ex¬ 
cept  to  point  out  the  possibility  and  to  recognize  that  these  paths  of  entry  do  exist. 
Some  future  installation  could  alter  the  situation  sufficiently  to  produce  malfunction- 
ingin  the  transmitter  or  in  ground  stations  if  proper  design  techniques  are  not  care¬ 
fully  considered  during  the  functional  design  of  the  transmitter  system. 

Transmitter  case  radiation  and  harmonic  generation  have  caused  considerable 
difficulty  in  aircraft  installations.  The  design  of  the  transmitter  housing  in  the  typical 
case  selected,  did  not  include  screening  of  the  ventilating  louvres.  The  inspection 
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plate  on  the  base  of  the  chassis  made  poor  contact  with  the  case  and  the  electron 
tubes  with  glass  envelopes  were  radiating  appreciable  energy.  It  was  necessary  to 
incorporate  the  following  modifications  in  order  to  reduce  the  interference  generated 
by  the  transmitter  to  witliin  tolerable  limits;  (1)  shield  and  bond  first  tripler  and 
final  stages,  (2)  rivet  a  metal  screen  to  the  inside  of  the  cover  to  reduce  radiation 
through  the  ventilating  louvres,  (3)  bond  the  inspection  plate  on  the  base  of  the  chassis 
with  a  copper  gasket,  (4)  install  a  bonding  strap  around  each  shock-mount,  and 
(5)  replace  troublesome  glass  tubes  with  metal  tubes.  These  difficulties  would  not 
have  appeared  in  the  original  installation  if  proper  component  design  had  been  ob¬ 
served,  A  detailed  discussion  of  interference -free  transmitter  design  is  given  in 
Paragraph  3.2,  2,  2, 

The  VHF  receiver  has  caused  interference  wit]bi  other  electronic  systems  ip 
the  aircraft.  Automatic  selection  of  the  various  channels  by  an  eleetrically  operated, 
motor-driven,  channel- selecting  mechanism  occurs  when  any  ppe  channel  push  button 
is  depressed  on  any  remote  control  box.  This  band-change  motor  cauned  excessive 
interference  over  a  wide  band  of  frequencies.  The  interfering  signals  were  present 
on  all  interconnecting  cables  and  also  appeared  at  the  supply  terminals.  Since  th® 
interference  was  present  only  during  the  Mwarm-up^’  period  and  during  the  ban4- 
ebanging  period,  no  corrective  measures  were  attempted  ip  the  typical  ease  selected 
for  discussion.  However,  it  should  be  emphasized  that  this  type  of  interference  peed 
not  appear  in  a  system,  even  for  short  time  intervals,  if  proper  component  design 
techniques  were  applied  during  the  original  design  to  suppress  the  interference  at  the 
soursce,  A  detailed  discussion  of  interference-free  design  techniques  for  small 
motors  and  receivers  is  given  in  Paragraphs  3.2, 1, 1  and  3,4. 


Considerable  interference  was  generated  within  the  VHF  system  by  the  dynS-'' 
motor  power  unit-in  the  power  junction  box.  Filters  were  installed  in  the  power 
junction  box  to  suppress  the  dynamotor  commutator  interference  at  the  source,  ft 
was  also  discovered  that  the  high  voltage  leads  were  exposed  to  radiation  from  the 
dynamotor  after  leaving  the  filter.  Rerouting  these  leads  reduced  the  interference 
to  a  permissible  level. 

In  the  original  installations,  components  should  be  placed,  and  the  circuitJ^y 
arranged  so  that  a  minimum  of  filter  components  are  necessary.  Reference  to  fig¬ 
ure  3,  3, 1.2-A  shows  that  the  VHF  system  is  directly  connected  to  other  electrica 
systems  in  the  aircraft  through  connecting  cables;  (1)  receiver  audio  output  to  inter¬ 
phone  system,  (2)  transmitter  microphone  connection  to  interphone  system,  (3).  PC 
power  supply  to  power  junction  box.  These  lines  can  be  filtered  to  prevent  inter¬ 
ference  from  entering  or  leaving  the  system  by  conduction  (refer  to  Paragraph  1.8,2, 3 
and  Appendix  VII  for  details  of  filtering  and  filter  design). 


An  interesting  interference  problem  was  encountered  with  this  system  which 
illustrates  some  poor  design  techniques.  Interference  was  noted  in  this  VHF  re¬ 
ceiver  whenever  the  HF  transmitter  of  another  system  was  operated  at  12  mega¬ 
cycles,  the  IF  frequency  of  this  receiver.  Disconnecting  the  receiver  antenna  did 
not  eliminate  the  interference.  The  test  described  below  proved  the  interference 
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Fig,  3,  3j  1.  2-S  Te^it  for  Sour cie  of  Interference  in  P,eceiyer 
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was  entering  the  receiver  via  the  power  and  control  leads.  The  signal  generator 
was  tuned  to  12  megacycles  and  the  modulation  was  30  percent  at  1000  cycles  per 
second.  The  signal  was  applied  to  the  antenna  post  and  the  individual  wires  in  the 
cable  shown  in  Figure  3,3,  1, 2-B  with  the  results  tabulated  in  Figure  3,3,  1,2-C, 
The  background  interference  level  at  the  output  was  0,  65  volts  with  the  antenna  dis¬ 
connected  and  no  signal  applied. 


In  this  particular  installation,  the  leads  were  filtered  to  eliminate  the  inter¬ 
ference,  Two  faulty  design  practices  created  the  need  for  ten  filters;  however,  if 
these  had  not  existed,  the  added  -weight,  cost,  etc,,  v»'Ould  not  ha-ve  been  required. 
They  are: 

(a)  The  HF  transmitter  antenna  lead-in  was  unshielded  and  rather  long.  The 
12  me  signal  radiated  by  the  lead-in  was  picked  up  on  the  control  wires 
of  the  VHF  receiver  and  interfered  with  its  operation.  The  antenna  lead- 
in  had  to  remain  unshielded  because  the  transmitter  output  circuit  was  not 
designed 'for  the  load  presented  by  a  shielded  lead-in, 

(b)  The  VHF  receiver  circuits  were  interference  susceptible  due  to  coupling 
between  the  IF  wiring  and  the  control  and  power  wiring.  It  should  be  noted 
that  the  IF  rejection  of  the  antenna  inpu.  circuit  was  far  better  than  the 
equivalent  rejection  for  the  susceptible  wires  in  the  cable. 

Overall  design  considerations  for  the  system  could  be  improved  by  i educing 
the  number  of  separate  components  with  the  consequent  eliminationof  external  wiring. 
Some  of  the  later  model  VHF  systems  have  incorporated  the  receiver,  transmitter 
and  power  unit  in  one  case.  This  compact  construction  is  advantageous  from  the 
standpoint  of  shielding,  wiring,  and  overall  interference -free  design. 


The  VHP  antenna  system  is  provided  with  a  feed-through  insulator,  coaxial 
cable  to  transmitter,  a  switching  relay  in  the  transmitter,  and  a  coaxial  cable  to 
the  receiver.  This  type  of  antenna  design  is  in  agreement  with  soiuid  interference- 
suppression  techniques  and  actual  installation  experience  has  proved  this  arrange¬ 
ment  satisfactory. 


This  system  serves  as  an  excellent  example  to  point  out  the  necessity  for 
thoroughness  in  considering  the  interference  problems  in  the  design  of  any  system. 
Poor  transmitter  and  dynamotor  component  design  as  well  as  poor  systems  shield¬ 
ing  and  filtering  have  produced  a  system  that  is  a  relatively  strong  radiator  of  in¬ 
terference  signals.  If  good  interference-suppression  design  techniques  had  been 
employed  in  the  overall  system  as  well  as  to  the  components  of  the  system,  the 
need  for  the  system  fixes  described  above  woiild  have  been  eliminated  and  a  satis¬ 
factory  operation  would  have  resulted  in  the  original  installation, 

3,3.  1,  3  SEARCH  RADAR  SYSTEMS 

Airborne  search  radar  systems  are  designed  to  present  a  visual  representation 
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of  a  portion  of  the  earth's  surface  or  objects  on  a  radar  scope  to  supply  accurate 
navigation  and  bombing  information  independent  of  weather  and  visibility  conditions. 
This  system  is  generally  composed  of  (1)  an  antenna  assembly,  (2)  transmitter -re¬ 
ceiver  unit,  (3)  modulator,  (4)  indicators,  (5)  synchronizer,  (6)  rectifier  power  unit, 
(7)  junction  boxes,  (8)  control  units,  (9)  gyroscope,  (10)  directional  coupler,  (11) 
blowers,  (12)  servo  amplifier,  (13)  camera  attachment,  and,  (14)  various  intercon¬ 
necting  cables.  The  antenna  is  operated  by  a  servo  motor  so  as  to  scan  a  portion  of 
the  area  under  and  around  the  aircraft.  Circuits,  controls,  etc. ,  are  arranged  to 
radiate  radio  frequency  pulses,  synchronized  with  the  indicator  sweep  circuits,  into 
the  region  searched  and  to  receive  the  returning  reflected  signals  or  echoes.  These 
received  echoes  vary  in  strength  because  of  the  different  reflecting  properties  of  the 
e-bjects  in  the  area  scanned.  Each  received  signed  is  converted  by  the  equipment 
into  a  light  spot  on  a  cathode-ray  indicator.  Since  the  intensity  of  the  light  spots  are 
dependent  upon  the  ^amplitude  of  the  received  signal,  a  light  and  dark  map-like  pattern 
appears  on  the  radar  scope.  There  is  no  audio 'output  signal  from  the  system.  The 
antenna  assembly  is  generally  mounted  on  the  underside  or  in  the  nose  of  the  aircraft. 
All  other  components  are  mounted  in  the  compartment  behind  the  pilot  where  they  will 
be  accessible  to  the  navigator  or  radar  operator.  Due  to  the  large  number  of  com¬ 
ponents,  considerable  interconnecting  wiring  is  required  and  a  large  portion  of  the 
system  wiring  is  bundled  with  other  electrical  and  electronic  system  cables  that  pass 
through  the  compartment. 

The  installation  of  a  representative  model  search  radcir  set  in  a  typical  aircraft 
has  been  selected  as  an  example  for  discussion  of  design  techniques  for  interference - 
free  operation.  In  this  system,  the  receiver  output  is  a  visual  pattern  displayed  on 
the  radar  indicator  scope,  and  any  imwanted  signals  which  find  their  way  into  the 
radar  receiver  case  must  be  capable  of  disturbing  the  indicator  pattern  in  order  to 
constitute  an  interference  problem.  In  Paragraph  1,7,1,  the  nuisance  value  of  inter¬ 
fering  signals  in  various  types  of  receivers  is  discussed  in  detail. 

The  components  in  a  typical  search  radar  installation  that  should  be  given  spe¬ 
cial  attention  as  potential  interference  generators  are;  (1)  antenna  assembly,  (2) 
motor  driven  fans,  (3)  receiver -transmitter  unit,  (4)  indicators,  (5)  synchronizer, 
(6)  modulator,  (7)  power  unit,  (8)  servo  amplifier,  and  (9)  the  gyroscope  unit.  Of 
these  units,  those  that  can  also  be  classed  as  "receivers"  under  the  extended  defini¬ 
tion  of  receiver  given  in  Section  1  are  items  (3),  (4),  (5),  and  (8),  Even  though  the 
functioning  of  the  other  components  of  the  system  is  unaffected  by  interference  sig¬ 
nals,  they  may  serve  as  paths  over  which  interference  may  enter  or  leave  the  sys¬ 
tem. 


Figure  3.3,1,3-A  illustrates  the  paths  of  interference  signals  in  a  typical  search 
radar  system  and  shows  the  most  vulnerable  points  for  interference  signals  to  enter 
the  system.  Interfering  signals  have  gained  access  to  the  various  susceptible  com¬ 
ponents  over  the  paths  shown  and  have  eventually  exercised  sufficient  influence  on 
the  indicator  pattern  to  constitute  an  interference  problem. 


The  location  of  the  antenna  assembly  of  a  radar  search  system  is  particularly 
important.  When  the  general  design  of  the  aircreift  requires  mounting  the  antenna 
in  a  location  where  the  radar  receiver -transmitter  field  to  the  sides  or  to  the  rear 
is  blocked  by  reflecting  surfaces,  standing  waves  of  high  amplitude  will  generally 

["his  results  in  fa'olty  operation  of  the  radar 
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set.  Considerable  reduction  o£  this  type  of  radio  interference  can  be  obtained  by 
coating  the  reflecting  surfaces  involved  with  material  to  absorb  as  much  radio  fre¬ 
quency  energy  as  possible.  Such  measures  are  essentially  the  only  means  available 
for  eliminating  the  disturbance  when  relocationof  the  antenna  assembly  is  not  feasible. 

Interference  in  this  typical  installation  ante  red  the  radar  system  also  over  the 
power  cables.  This  disturbance  was  suppressed  by  inserting  a  filter  at  a  convenient 
position  between  aircraft  power  supplies  and  the  radar  system  junction  host.  Some 
difficulty  was  also  encountered  when  the  cable  from  the  control  unit  to  the  synchroni¬ 
zer  and  the  cable  from  the  synchronizer  to  the  indicator  were  mounted  too  close  to  the 
power  cables  of  either  the  radar  system  or  other  air  craft  wiring.  This  was  corrected 
by  separating  the  power  cables  and  the  radar  system  indicator  or  synchronizer  cables 
by  at  least  18  inches  when  installing  the  system  wiring. 

Radio  interference  tests  have  demonstrated  that  search  radar  systems  introduce 
a  severe  interterence  problem  in  other  aircraft  systems.  In  a  typical  installation 
the  search  radar  pulse  modulator  circuits  caused  interference  in  the  liaison  and 
radio  compass  systems.  Extended  filtering  and  shielding  was  ineffective.  Probing 
of  the  radar  cabling  indicated  a  high  interference  level  over  extensive  lengths  of 
various  cables.  This  suggested  that  external  filtering  would  be  very  difficult  and 
that  source  suppression  within  the  modulator  together  with  the  rerouting  of  certain 
portions  of  the  cabling  would  be  the  most  efficient  solution.  For  a  discussion  of 
modulators  refer  to  Paragraph  3.  2.  2.  3. 

Radio  interference  from  the  computer  appeared  in  the  audio  output  of  the  radio 
compass.  Shielding  of  the  radio  compass  sense  antenna  was  required  to  prevent 
interfering  signals  from  entering  the  radio  compass  receiver. 

In  the  typical  case  under  discussion,  intermittent  interference  signals  caused 
by  the  determination- switph  operation  and  tracking- control  operation  appeared  in 
‘  other  electronic  systems  on  the  sircraft.  Attempts  to  filter  all  radar  power  cabling 
at  the  power  connections  proveduseless.  As  shown  in  Figure  3.  3.  1.  3-A,  interfering 
signals  from  remote  units  must  travel  through  long  unshielded  cables  to  reach  the 
filter.  This  permits  coupling  of  interference  into  other  aircraft  wiring  as  well  as 
coupling  into  the  search  radar  circuits.  In  addition,  all  power  wiring  had  wire  return 
circuits  from  the  power  unit  to  the  main  filter,  and  filters  were  provided  for  these 
wires  just  prior  to  grounding.  This  indiscriminate  use  of  filters  served  no  useful 
purpose,  unnecessarily  increased  the  length  of  the  system's  wiring,  and  required 
the  use  of  unduly  large  connectors  to  handle  the  extra  pins.  Here  again,  source 
suppression  would  have  more  efficiently  guaranteed  an  interference-free  system:  in 
the  original  installation. 

Reference  to  Figure  3.3.1. 3-A  shows  that  the  Search  Radar  System  is  directly 
connected  to  other  electrical  systems  through  the  AC  power  supply  cable  into  the  main 
junction  box.  A  filter  is  provided  in  this  line  to  prevent  interference  from  entering 
or  leaving  the  system  by  conduction.  However,  the  greatest  interference  problems 
in  this  typical  search  radar  system  were  caused  by  coupling  into  other  aircraft  wiring. 
This  coupling  was  traced  to  the  facts  that  (1)  the  modulator  unit  was  not  adequately 
bonded  to  the  airplane  structure,  (2)  surplus  pulse  cable  was  coiled  and  clamped  next 
to  aircraft  wiring,  (3)  the  AC  lead  from  the  modulator  to  the  external  blower  was 
shielded,  but  "grounds"  on  the  shields  were  too  long,  (these  leads  were  "hot"  from 
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the  modulator  pulse  and  it  was  necessary  to  shorten  leads  to  one  inch),  and  (4)  the 
coaxial  antenna  cable  for  the  Lor  an  receiver  passed  through  the  interference  field 
around  the  modulator,  (although grounded  at  bothends,  the  cable  provided  an  efficient 
path  for  conducting  the  interference  to  the  liaison  receiver  because  both  receivers 
used  the  same  antenna),  and  (5)  coupling  also  occurred  inside  the  liaison  transmitter 
since  the  external  power  wires  leading  to  the  transmitter  were  exposed  to  the  inter¬ 
ference  field  and  the  interconnected  interned  wiring  was  in  close  proximity  to  the 
receiver  antenna-grounding  lead.  Appreciable  improvement  in  future  designs  and 
installations  can  be  obtained  by  the  application  of  the  following  procedures  to  obtain, 
interference -free  operation: 

(a)  Ground  all  four  pulse  cable  shields  at  the  connectors.  (It  was  found  that 
in  some  cases  only  one  of  the  shields  was  grounded  because  of  greater  ease 
of  assembly,  a  practice  which  resulted  in  the  loss  of  much  of  the  shieldmg 
effectiveness .  ) 

(b)  Install  a  suitable  filter  in  series  with  the  AC  lead  from  modulator  to  ex¬ 
ternal  blowers. 

(c)  Install  the  modulator  and  receiver  transmitter  as  far  as  possible  from 
other  radio  equipment,  especially  the  liaison  and  radio  compass  receivers. 
These  receivers  shovdd  be  in  a  separate  compartment  if  possible. 

(d)  The  pulse  and  high  voltage  cables  should  not  be  bundled  with,  run  parallel 
to,  or  placed  less  than  one  foot  from  other  radio  and  aircraft  wiring.  At 
least  eighteen  inch  separation  should.be  maintained  for  cable  lengths  over 
tweiaty  feet. 

(e)  Keep  all  wiring  associated  with  the  radar  set  well  isolated  from  other  air¬ 
craft  wiring. 

(f)  Locate  modvilator  and  receiver -transmitter  units  so  that  pulse  cable  lengths 
are  held  to  a  minimum. 

(g)  Since  the  pulse  cables  are  prefabricated  in  fixed  lengths,  extra  cable  is 
sometimes  coiled  to  take  up  surplus.  In  case  this  is  necessary,  the  coil 
should  be  placed  in  the  bomb-bay  or  other  isolated  compartments  and  ade¬ 
quately  spaced  from  other  wiring. 

(h)  All  radar  components  should  be  properly  bonded  to  the  aircraft  structure 
by  application  of  the  techniques  discussed  in  Paragraph  3.1.3,  The  modu¬ 
lator  and  receiver-transmitter  units  should  have  at  least  two  such  bonds 
of  shortest  practicable  length. 

(i)  The  AC  lead  from  modulator  to  external  blowers  should  be  filtered  with  a 
portion  of  the  lead. between  modulator  and  the  filter  shielded  and  grounded 
with  short  leads. 

(j)  In  case  interference  is  encountered  due  to  penetration  or  leakage  of  the 
pulse  cable  shield,  the  interference  may  be  reduced  by  grounding  the  shield 
at  intervals  of  approximately  5  feet. 
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Some  of  the  later  models  of  search  radar  equipment  have  incorporated  improved 
design  techniques  resulting  in  a  considerable  reduction  in  the  interference  trouble 
described  above.  Much  of  the  difficxxlty  caused  by  long  cable  lengths  and  cdulator 
radiation  have  been  eliminated  by  placing  the  modulator,  transmitter  and  :eceiver 
in  one  metal  case.  Fewer  component  parts,  reduction  of  interconnecting  wiring  and 
better  relative  location  of  circuit  elements  have  also  improved  the  overall  design 
from  an  interference  standpoint.  However,  even  with  these  improvements,  consid¬ 
erable  trouble  is  still  caused  in  other  electronic  systems  by  search  radar  equipment. 
The  high  energy  pulse  output  of  the  radar  constitutes  a  prolific  source  of  interference. 
In  an  improved  version  of  a  typical  search  radar  system,  shown  in  Figure  3.3.1.3-B, 
the  paths  for  interfering  signals  to  enter  or  leave  the  radar  system  are  indicated. 
Some  of  the  interference  problems  encountered  in  the  improved  vers  ion  and  the  modi¬ 
fications  made  in  an  effort  to  attenuate  interference  are  discussed  belows 

(a)  Excessive  levels  of  interference  were  present  in  the  high  voltage,  modu¬ 
lator  pulse  circuits  which  coupled  interference  to  all  interconnecting  wiring 
and  coaxial  cable  within  the  receiver -transmitter.  This  interference  was 
decreased  by  the  addition  of  filters  and  by-pass  condensers  on  the  inter¬ 
connecting  wiring,  and  by  the  substitution  of  double-shieldedcoaixial  cable 
for  the  single -shielded  cable.  The  leads  to  the  external  blowers  were 
shielded  to  confine  the  interference  to  the  receiver-transmitter  unit.  The 
grounding  of  the  video  and  AN  connectors  to  the  junction  box  were  improved 
by  removing  the  paint  from  the  connectors.  Refer  to  Paragraph  3. 1.  3. 1 
for  a  detailed  discussion  of  direct  bonding.  Furthermore,  the  mating  sur¬ 
face  between  the  receiver -trams mitter  lid  and  case  was  cleaned  in  order  to 
obtain  a  direct  metal -to -metal  contact. 

(b)  Interference  was  generated  within  the  synchronizer  unit  by  the  tramsients 
in  the  sweep  and  intensity-gate  signads  for  the  indicators  as  well  as  in  the 
Steep  pulse  for  triggering  the  modulator.  The  level  of  interference  was 
decreased  by  shielding  the  lines  within  the  unit  and  the  120-volt  leads  to 
the  antenna  assembly  amd  the  two  indicators. 

(c)  A  high  level  of  video  interference  in  the  indicators  was  caused  by  thermal 
agitation  amd  by  the  shot  effect  in  the  receivers  and  was  coupled  by  induc¬ 
tion  into  the  interconnecting  cables  from  the  two  B+  leads  between  the  in¬ 
dicators  auid  the  synchronizer.  This  interference  was  attenuated  by  the 
insertion  of  an  R-C  decoupling  circuit,  similar  to  the.  one  discussed  in 
Paragraph  3.4, 3.1,  in  the  B+  leads.  Interference  emanating  from  the  case 
of  the  indicator  was  attenuated  by  shielding  and  grounding  the  gain  control 
potentiometer  and  grounding  the  case  of  the  intensity -control  potentiometer. 
Further  attenuation  of  interference  was  obtained  by  grounding  the  indicator 
through  a  shock-mounted  bonding  jumper.  Refer  to  Appendix  XV  for  a  de¬ 
tailed  discussion  of  shock-mounted  bonding  jumpers. 

(d)  Sparking  at  the  commutators  of  the  direct-current  motors  and  the  make 
and  break  action  at  the  sector-scan  switch  points  were  the  sources  of  in¬ 
terference  within  the  antenna  assembly.  The  motors  were  shielded  to  de¬ 
crease  the  level  of  radiated  energy  and  a  line  filter  was  used  to  attenuate 
conducted  interference.  Capacitor  spark  suppressors  eind  filters  were 
employed  to  attenuate  interference  generated  by  the  sectoring  switches. 
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From  the  above  discussion  it  can  be  seen  that  this  radar  system  continues  to 
be  a  high  level  interference  source  in  spite  of  the  improvements.  Although  the  cor¬ 
rective  measures  taken  reduced  the  level  of  interference  considerable,  the  radar 
set  failed  to  meet  the  requirements  of  Specification  No.  l6E5(Aer)  and  MIL-I-6181. 
In  order  to  meet  the  specifications  the  system  should  be  redesigned  with  the  follow¬ 
ing  interference-free  design  features  incorporated: 

(a)  The  modulator  unit  shotild  be  totally  enclosed  within  a  mesh  shield  whose 
joints  have  been  welded  or  soldered.  Refer  to  Paragraph  3. 1.2.1  for  a 
detailed  discussion  of  a  mesh  shield.  To  provide  a  low,  radio -frequency 
impedaij.ee  path  to  ground,  the  shield  should  be  clamped  or  screwed  to  the 
chassis.  Furthermore,  all  power  and  control  leads  should  be  filtered  by 
the  use  of  a  feed-through  capacitor  at  the  point  of  entrance.  The  superior 
attenuation  characteristics  of  feed-through  capacitors  are  discussed  in 
Paragraph  3. 1.1, 5,  This  method  of  shielding  and  filtering  will  confine  all 
interference  generated  by  the  modulator  pulse  circuits  to  the  modulator 
unit.  All  other  circuits  in  the  receiver -transmitter  unit  should  be  rela¬ 
tively  interference-free. 

(b)  The  use  of  inherently  interference -free  components  in  the  radar  system 
should  be  stressed.  Alternating  current  induction  motors,  rather  than 
fractional  horse-power  DC  motors,  should  be  used  whenever  possible.  A 
detailed  discussion  of  commutation,  the  vrorst  offender  of  all  sources  of 
radio  interference  in  rotating  machines,  is  given  in  Paragraph  3. 2. 1.1.2. 
When  a  fractional  horsepower  DC  motor  must  be  used,  it  should  be  com¬ 
pletely  shielded  and  equipped  with  a  line  filter  as  explained  in  Paragraphs 
3.  2. 1. 1,  3  and  3.  2. 1.1.4.  Vacuum  tube  switching  circuits  are  preferred 
to  vibrating  contacts  such  as  relays  or  vibrators  because  these  devices 
generate  high  levels  of  interference.  If  the  use  of  relays  or  contacts  can¬ 
not  be  avoided,  the  unit  should  be  enclosed  in  a  metal  shield  and  all  con¬ 
nections  should  be  filtered. 

3.  3.1.4  INTERPKGNE  SYSTEM 

Combat  interphone  systems  are  designed  to  provide  interphone  communication 
between  the  various  stations  of  a  multiplace  aircraft.  Switching  facilities  are  pro¬ 
vided  by  means  of  jack  boxes  at  each  interphone  station  to  enable  the  crewman  to 
exert  partial  control  over  the  radio  system  required  for  the  discharge  of  his  duties. 
Examples  of  radio  systems  which  can  be  partially  controlled  at  the  various  stations 
in  addition  to  the  interphone  system  are:  VHF,  Liaison,  Command,  and  R“.dio  Com¬ 
pass. 

The  major  componerts  in  a  typical  interphone  system  include  an  interphone 
amplifier,  dynamotor,  jack  boxes,  headphones,  microphones,  microphone  switches 
and  control  panels.  The  quantity  and  type  of  components  used  in  a  specific  instzilla- 
tion  is  dependent  upon  the  tactical  needs  of  the  aircraft. 

Paths  of  entry  of  interference  are  shown  in  Figure  3.  3.  1. 4- A.  Interference 
problems  arising  from  typical  aircraft  installations  are  given  below. 

The  dynamotor  mounted  on  the  chasois  of  the  interphone  amplifier  causes 
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interference  in  the  output  of  many  radio-frequency  amplifiers  incorporated  in  the 
various  electronic  systems  due  to  the  conduction  of  interference  through  the  common 
power  supply.  This  interference  was  satisfactorily  attenuated  by  the  use  of  a  pro¬ 
perly  designed  radio -frequency  filter.  Audio-frequency  interference  which  was  ex¬ 
tremely  apparent  in  the  output  of  the  interphone  amplifier  was  decreased  to  a  suf¬ 
ficiently  low  level  by  bonding  the  dynamotor  to  ground.  Refer  to  Paragraph  3.  1. 3 
for  a  discussion  on  bonding.  Dynamotors,  small  units  designed  to  convert  direct- 
current  power  from  one  voltage  magnitude  to  another,  are  prolific  sources  of  both 
audio  and  radio -frequency  interference  primarily  because  they  contain  two  commu¬ 
tators.  Refer  to  Paragraph  3.  2.1.  1.2  for  a  discussion  on  commutation. 

Interference  was  found  to  enter  the  interphone  amplifier  by  conduction  through 
the  direct-current  bus  where  ripple  voltages  as  high  as  4.4  volts  at  a  frequency  of 
4000  cycles  per  second  were  measured.  This  interference,  originating  in  the  sur¬ 
face-control,  hydraxilic  boost  pump  motors,  was  effectively  attenuated  by  the  inser¬ 
tion  of  a  filter  illustrated  schematically  in  Figure  3,  3, 1, 4-B. 


Fig,  3,3,  1,4-B  Line  Filter  for  Surface  Control  Motors 

The  preceding  problems  were  a  result  of  interference  being  conducted  into  or 
out  of  the  system,  The  following  examples  illustrate  problems  caused  by  interfer¬ 
ence  coupling  into  or  out  of  the  system. 

(a)  Interference,  coupled  by  induction  from  the  power  wiring  to  the  interphone 
amplifier,  was  prevented  by  maintaining  a  minimum  spacing  of  50  inches 
between  the  power  wiring  eind  the  amplifier. 

(h)  Inductive  and  capacitive  coupling  of  interference  from  the  power  wiring 
into  the  interphone  wiring  of  a  specific  aircraft  insteillation  was  eliminated 
by  replacing  the  original,  single-wire  interphone  system  with  a  two-wire 
system,  The  two  wires  were  twisted,  enclosed  in  a  metal  shield,  and  a 
minimum  distance  of  1 2  inches  maintained  between  the  shield  and  the  power 
wiring.  In  general,  the  results  of  interference  tests  indicated  that  for 
greater  interference-f  ree  operation  all  single-wire  systems  should  be  re¬ 
placed  by  two-wire  systems.  Variations  of  the  two-wire  system  have  been 
satisfactorily  used  depending  upon  the  function  of  the  aircraft.  For  ex¬ 
ample,  satisfactory  operation  of  an  interphone  system  in  cargo  planes, 
which  are  relatively  free  of  interference-generating  devices,  has  been  ac¬ 
complished  by  the  use  of  two  unshielded  wires.  In  contrast,  satisfactory 
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operation  of  the  same  system  installed  in  bombing  aircraft  could  only  be 
accomplished  by  the  use  of  two  wires  enclosed  within  a  shield.  The  wiring 
systems  employed  in  aircraft  installations  in  order  of  their  effectiveness 
in  suppressing  interference  are: 

(1)  Two  twisted  wires  in  a  common  shield. 

(2)  Two  parallel  wires  in  a  common  shield. 

(3)  One  shielded  wire  with  a  common  return  path,  or  two  unshielded 
wires. 

(4)  One  unshielded  wire  using  the  structure  as  a  return  path. 

(c)  Interference  was  present  in  the  interphone  system  when  the  pilot's  micro~ 
phone  switch  was  opened  but  disappeared  when  it  was  closed.  This  was 
caused  by  the  coupling  of  interference  by  induction  to  the  microphone  switch 
wires  which  were  run  through  the  control  column  remiote  from  the  micro-^ 
phone  as  shown  in  Figure  3.  3. 1.4'-C.  Interference  was  attenuated  to  a 
certain  degree  by  grounding  the  column,  but  much  greater  improvement 
was  obtained  by  using  a  relay  in  the  pilot's  microphone  wiring  and  by  run- 
ing  relay  control  leads  rather  than  the  microphone  switch  wiring  in  the 
control  column. 
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Fig.  3.  3.  i.  4-C  Routing  of  Microphone  Switch  Wires 

(d)  The  dynamotor  mounted  on  the  interphone  amplifier  chassis  was  the  source 
of  interference  present  in  the  liaison  receiver  in  a  certain  installation, 
interference  was  coupled  from  the  power  leads  of  the  dynamotor  into  ad¬ 
jacent  aircraft  wiring  and  eventually  coupled  into  the  unshielded  antenna 
leads  of  the  liaison  receiver.  This  interference  was  attenuated  to  a  satis¬ 
factorily  low  level  by  the  insertion  of  a  filter  in  the  power  leads  of  the 
dynamotor . 

(e)  In  another  typical  installation,  the  liaison  transmitter  was  mounted  inclose 
proximity  to  the  interphone  amplifier.  Interference  was  inductively  coupled 
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to  the  audio  input  transformer  of  the  amplifier  from  the  armature  windings 
of  the  dynafnotor  employed  as  the  power  source  of  the  transmitter.  The 
level  of  interference  was  decreased  sufficiently  by  enclosing  the  trans¬ 
former  within  a  metallic  shield. 

The  close  proximity  of  the  microphone  and  headset  leads  resulted  in  capac¬ 
itive  coupling  between  the  input  and  output  circuits  of  the  interphone  ampli¬ 
fier  and  caused  audio  oscillations  in  the  interphone  system.  in  order  to 
prevent  einy  oscillation  from  occurring,  the  amplifier  components  were 
connecte  i  so  that  the  output  and  input  circuits  were  as  far  out  of  phase  as 
possible  throughout  the  audio  range  of  100  to  20,000  cycles  per  second. 
This  phasing  was  accomplished  by  connecting  the  secondary  of  the  output 
transformer  so  that  the  signal  voltage  across  the  output  lead  and  ground 
is  out  of  phase  with  the  signal  voltage  impressed  across  the  input  lead  and 
ground. 

The  most  recent  design  of  an  interphone  system  features  anindiyidu^ai  amplifier 
at  each  interphone  station  rather  than  a  central  amplifier.  As  a  result,  the  audio 
signal  is  amplified  at  the  source  and  conducted  at  higher  levels  and  requires  a  mini¬ 
mum  of  amplification  at  the  other  interphone  stations .  This  prevents  the  low  "noise” 
levels  in  the  lines  from  being  amplified  to  an  objectionable  degree.  Furthermore, 
the  high  level  lines  (high  signal -to-interference  ratio)  permit  the  use  of  dynamic 
microphones  which  increases  intelligibility  by  65  to  95  percent,  Boomi  mask,  and 
hand-held  microphones  are  examples  of  the  interference -cancelling  types  in  use. 

The  design  also  features  a  two-wire  system  which  has  a  central  ground  return 
path.  It  is  possible  that  through  the  use  of  higher  level  lines  some  shielding  pre¬ 
viously  essential  in  the  origineil  design  could  be  eliminated.  However,  since  inter¬ 
ference  tests  have  not  as  yet  been  conducted,  sufficient  shielding  has  been  incorpor¬ 
ated  in  the  new  design  to  insure  adequate  interference  attenuation. 

3.  3.  1.  5  LIAISON  SYSTEM 

Airborne  liaison  systems  are  designed  primarily  to  serve  as  an  air-to-ground 
communication  link  utilizing  either  voice  or  code  transmission. 

In  general,  such  systems  consist  of  a  transmitter,  transmitter  key,  fixed  an¬ 
tenna,  radio  receiver,  antenna  coupler,  dynamotor,  and  interconnecting  cables.  The 
treinsmitter  and  receiver  operate  over  a  frequency  range  of  from.  200  to  600  kc  and 
1.5  to  18.0  me.  An  audio  output  signal  provided  by  the  receiver  is  available  at  any 
one  of  the  interphone  stations.  The  installation  of  a  liaison  set  in  a  typical  aircraft 
has  been  selected  as  2in  example  of  an  airborne  liaison  system.  The  discussion  to 
follow  applies  specifically  to  this  partic’ular  system.  However,  because  of  the  simi¬ 
larity  of  all  such  systems,  there  will  be  no  loss  of  generality. 

A  fixed  antenna  is  mounted  on  the  top  or  under  the  fuselage  near  the  radiom.an'  s 
compartment.  All  tuning  adjustments  are  made  at  the  transmitter  or  receiver  in  the 
radioman's  compartment.  No  remote  controls  are  provided.  A  liaison  receiver 
audio  output  and  a  liaison  transmitter  microphone  input  are  provided  at  each  inter¬ 
phone  control  box.  In  general,  one  interphone  control  box  is  located  at  each  of  the 
stations  for  the  pilot,  co-pilot,  navigator,  and  radio  operator.  The  power  source 
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bus,  antenna  coupler,  and  Lo/ran  receiver  are  mounted  in  the  compartment  behind 
the  pilot.  There  are  no  components  located  in  the  tail  or  wing  sections.  Intercon¬ 
necting  cords  and  cables  are  generally  bundled  with  other  electrical  wiring  passing 
through  the  compartment.  Navigation  and  search  radar  controls,  radio  altimeter 
indicator,  Loran  indicator,  etc. ,  are  examples  of  types  of  equipment  whose  wiring 
is  frequently  found  in  a  typical  bundle.  Exciter  regulators  and  radars  are  examples  * 

of  equipments  that  would  be  mounted  in  the  same  aircraft  sections. 

Since  in  this  system  th(fe  receiver  output  is  an  audio  signal  in  the  headset,  any 
unwanted  signals  which  find  their  way  into  the  receiver  case  must  be  capable  either 
of  producing  audible  interference  i.".i  the  headset  or  of  preventing  normal  functioning 
of  the  receiver  in  some  other  way  to  constitute  an  interference  problem.  In  complete 
systems  such  as  this  one  the  paths  of  entry  of  unwanted  signals  may  be  many  and  * 

devious.  In  this  case  of  the  particular  receiver  in  this  representative  system,  the 
many  paths  of  entry  are  illustrated  in  Figure  3.  3.  1,5 -A.  This  figure  shows  also 
that  while  the  functioning  of  the  other  components  of  the  system  may  be  unaffected  by  ■ 

mterference  signals,  they  may  serve  as  a  part  of  a  path  of  entry  for  the  undesirable 
signals.  For  example,  interference  v/as  picked  up  from  the  radar  modulator  on  the 
lead  between  the  dynamotor  and  the  liaison  transmitter  which  would  not  have  occurred 
had  this  lead  been  routed  differently,  This  interference  did  not  affect  the  operation 
of  the  transmitter,  but  within  the  transmitter  itself  the  dynamotor  and  antenna  leads 
were  bundled  together  and  the  interference  reached  the  liaison  receiver  via  the 
antenna  connection.  Here  it  whs  amplified  and  appeared  as  serious  audio  interference 

in  the  receiver  output,  * 

y 

A  brief  explanation  of  the  interference  problems  as  shown  in  Figure  3,3,1,5-A 
follows,  some  solutions  are  shown  in  Figure  3.  3,  1,  5-B  but  for  the  sake  of  clarity  * 

Only  a  few  are  included, 

(a)  Interference  was  picked  up  directly  on  the  open-wire  antenna  lead-in  which 

was  conducted  to  the  liaison  receiver  causing  unsatisfactory  operation,  It  was  deter¬ 
mined  that  the  antenna  lead  to  the  receiver  could  be  shielded  but  that  the  transmitter  % 

antenna  lead  could  not  since  the  shielding  capacitance  would  detune  the  transmitter 

output  stage.  The  solution  used  is  illustrated  in  Figure  3,3.1  5-B,  and  may  be  con¬ 
sidered  a  satisfactory  interim  measure.  Proper  design,  however,  would  permit  the 
use  of  a  shielded  antenna  lead-in  for  both  the  transmitter  and  receiver  since  har-  * 

monies  as  well  as  the  carrier  frequency  of  the  transmitter  are  being  radiated  from  '* 

the  unshielded  transmitter  antenna  lead-in  and  constitute  a  source  of  interference 
to  other  equipment. 

% 

(b)  Interference  from  the  radar  modulator  was  picked  up  on  the  lead  between 
the  dynamotor  and  the  liaison  transmitter  and  was  conducted  into  the  transmitter. 

Within  the  transmitter  the  antenna  lead  to  one  of  the  transmit- receive  relays  was 
bundled  in  with  the  dynamotor  and  other  power  wiring.  The  interference  wasthereby 
coupled  into  the  antenna  lead  to  the  receiver  and  was  conducted  to  the  liaison  receiver 
causing  unsatisfactory  operation.  Removing  the  receiver  antenna  lead  and  rerouting 
it  as  in  (a)  aboveand  as  shown  inFigure  3.3. 1.5-B  is  one  passible  solution.  Another 
solution,  would  be  to  isolate  the  antenna  lead  from  the  power  wiring  within  the  trans¬ 
mitter  by  shielding  and/or  rerouting.  The  latter  would  be  preferable  practice  in 
initial  design  stages  since  it  is  poor  practice  in  any  event  to  bundle  interference 
susceptible  wiring  with  other  wires  likely  to  conduct  radio  interference.  In  other 
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Fig,  3.3,  1.  5-A  Paths  of  interference  Signals  in  a  Liaison  System 
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circumstances  a  filter  in  the  lead  from  the  dynamotor  to  the  tran  s:mitter 
be  dictated,  but  only  as  a  last  resort  since  it  would  involve  added  v^quipment 
weight. 

(c)  Interference  was  conducted  into  the  receiver  on  the  interphone  and  PC' 
power  leads,  which  caused  unsatisfactory  operation.  At  this  stage  of  design,  filters 
were  installed  in  the  troublesome  leads  as  shown  in  Figure  3.  3.  1.  5 -B  in  order  to 
reduce  the  interference  to  a  tolerable  level.  This  means  added  equipment,  weight 
and  cost.  Preferably,  the  receiver  should  have  been  designed  for  less  susceptibility 
to  interference  on  these  leads  by  improved  shielding  of  the  RF  and/or  IF  stages  and 
possibly  better  routing  of  these  interphone  and  power  leads  within  the  receiver. 
Electrical  cleanness  (isolation)  in  the  wiring  of  transmitters  and  receivers  is  pre¬ 
ferable  te  mechanical  neatness  achieved  by  carefully  bundling  all  the  wires  together 
into  a  cable  and  lacing  them  together. 

(d)  In  this  particular  installation  the  bomb  salvo  cabling  (an  entirely  independent 
system)  was  routed  very  close  to  the  exciter  regulator  and  to  the  liaison  receiver 
cover  in  the  region  of  the  cooling  louvres.  Interference  was  coupled  from  the  exciter 
to  the  bomb  salvo  cabling  and  thence  through  the  louvres  in  the  receiver  cover  to  the 
internal  wiring  of  the  receiver  resulting  in  objectionable  audio  output  in  the  headsets, 
Rerouting  of  the  bomb  salvo  cabling  in  the  neighborhood  of  the  exciter  regulator  to 
a  point  not  less  than  six  inches  away  resulted  in  interference-free  operation.  Several 
faulty  design  practices  are  involved  in  creating  this  particular  problem: 

1.  The  exciter  regulator  design  was  poor  in  that  its  generated  interfer¬ 
ence  was  not  suppressed  properly. 

2.  Cables  should  never  be  run  close  to  known  interference  sources  when¬ 
ever  practicable. 

3.  The  receiver  case  shielding  properties  were  poor  due  to  poordesign. 
Wire  mesh  over  the  louvres  and  better  bonding  of  the  case  to  the 
frame  are  required. 

(e)  Interference  was  coupled  from  the  radar  modulator  to  the  AC  power  lead 
of  the  Loran  receiver  and  was  conducted  into  the  case  of  this  unit.  Inside  this  re¬ 
ceiver  the  antenna  lead  was  bundled  in  with  the  power  wiring  and  interference  was 
therefore  introduced  into  the  liaison  receiver  on  the  antenna  lead.  One  solution  is 
the  addition  of  a  filter  to  suppress  the  interference  as  shown  in  Figure  3.  3.  1.  5-B, 
Proper  design  of  the  internal  wiring  of  the  Loran  receiver  to  properly  isolate  or  shield 
the  antenna  lead  would  be  preferable  since  the  filter  would  then  be  unnecessary. 

3  3.  1.  6  LORAN  SYSTEM 

The  Loran  system  is  a  navigational  aid  that  enables  the  operator  in  an  aircraft 
to  fix  his  position  over  land  or  sea  by  means  of  the  reception  on  his  receiver-indicatot 
of  special  radio  signals  from  the  ground  installations. 

The  ground  installations  consist  of  groups  of  transmitting  stations  operating 
on  the  same  radio  carrier  frequency  which  emit  a  steady  succession  of  pulses  in  all 
directions.  The  stations  operate  in  pairs,  a  master  station  triggering  a  slave  statioft 
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by  means  of  a  radio  link  which  synchronizes  the  pulses  from  the  two  stations. 

* 

The  receiver-indicator  receives  and  measures  the  timing  of  the  pulsed  signals 
and  transcribes  them  to  a  visual  indication  on  the  Loran  scope.  With  the  aid  of 
charts,  tables,  and  tabulations  the  received  signal  can  be  interpreted  and  the  location 
of  the  plane  established. 

The  system  operates  in  the  high  frequency  range.  The  power  supply  is  AC,  80 
or  115  volts,  360  to  2460  cycles  per  second.  In  an  aircraft  the  main  units  of  the 
Loran  system  consist  of  anantenna,  interconnecting  cabling,  either  a  passive  coupler 
or  a  preamplifier  coupler,  and  the  receiver-indicator. 

In  a  typical  installation,  the  Loran  system  does  not  use  its  own  antenna  but  * 

couples  onto  the  antenna  of  another  installation.  As  a  result  unusually  long  runs  of 
lead-in  wire  to  the  receiver -indicator  are  sometimes  necessary.  To  compensate  ^ 

forthe  subsequent  line-loss,  a  preamplifier  is  providedat  the  antenna  coupler.  When  * 

lead  length  is  not  excessive  a  passive  coupler  is  used.  The  liaison  system  with  its 
antenna  approximates  the  needs  of  the  Loran  system  and  is  the  usual  coupled  system. 

In  a  heavy  bomber  installation,  the  Loran.  system  uses  the  liaison  antenna  with  an 
unshielded  lead-in  wire  through  a  switching  relay  in  the  liaison  transmitter  to  a 
preamplifier  antenna  coupler  and  a  shielded  lead-in  wire  from  the  antenna  coupler 
to  the  receiver-indicator. 

The  Loran  receiver,  like  any  other  receiver  is  subject  to  various  sorts  of  * 

interference.  This  interference  may  come  from  transmitters  aboard  the  aircraft, 
aboard  neighboring  aircraft,  from  ground  installations,  or  from  deliberate  enemy 
jamming.  Typical  interference  patterns  as  seen  on  a  scope  would  appear  as  shown  * 

in  Figure  3.  3.  1,  6-B.  • 

The  Loran  receiver  has  not  proven  to  be  a  source  of  interferenee  itself.  The 
local  oscillator  is  adaquately  shielded,  the  case  construction  is  apparently  good. 

However,  when  operating  as  a  system,  the  performance  has  not  been  entirely  satis-  * 

factory. 

The  unshielded  antenna  lead-in  prior  to  the  coupling  stage  has  proven  to  be  an 
efficient  coupling  path  for  radio  interference  currents.  See  Figure  3,3,1.6-A,  The  * 

preamplifier  at  the  antenna  coupler  amplifies  the  interference  which  is  then  conducted 
through  the  shielded  lead-in  into  the  receiver.  In  most  cases  of  this  interference, 
the  Liaison  receiver  is  also  affected.  By  the  nature  of  the  reception  of  the  two  re¬ 
ceivers,  a  higher  level  of  interference  can  be  tolerated  inthe  Loran  than  in  the  Liaison  ^ 

so  subsequent  filtering,  shielding,  etc.  ,  of  the  interfering  components  that  cleared 
up  the  interference  o.n  the  Liaison  also  cleared  it  up  on  the  Loran.  (See  Paragraph 
3.  3.  1.  5  on  Liaison  System.  ) 

Poor  interference-free  design  is  apparent  when  the  AC  power  lead-in  plug  is 
a  few  inches  from  the  antenna  lead-in  plug.  This  provides  a  coupling  path  onto  the 
antenna  lead-in  cable  for  interference  conducted  on  the  power  line.  These  interfer¬ 
ence  currents  ultimately  affect  the  liaison  receiver  (see  Paragraph  3.3.1 .5. on  Liaison 
System)  as  well  as  appear  as  grass  on  the  Loran  scope.  It  was  necessary  to  filter 
the  AC  line  in  order  to  eliminate  this  interference.  Proper  isolation  in  the  original 
design  would  have  eliminated  the  need  for  this  filter. 
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The  preamplifier  produces  interference  problems  particular  to  this  installation. 
The  non-linear  elements  in  the  preamplifier  make  the  system  susceptible  to  cross 
modulation.  A  simple  illustration  of  this  would  be;  The  Loran  receiver  is  tuned  to 
2  me;  a  3  me  and  a  i  me  signal  can  mix  in  the  preamplifier  stage  and  the  result  be 
admitted  as  a  2  me  signal  in  the  receiver. 

Another  problem  presented  by  the  preamplifier  stage  is  the  system's  suscepti¬ 
bility  to  overloading  because  of  the  wide  pass-band.  An  unwanted  signed  can  be  am¬ 
plified  to  a  proportion  which  overloads  the  front  end  of  the  Loran.  In  a  heavy  bomber 
installation,  rendezvous  equipment  was  producing  interference  in  the  Loran  which 
was  extremely  serious  because  of  its  high  magnitude  and  the  dangerous  fact  that  the 
interfering  signals  could  be  mistaken  for  an  actued  Loran  station.  The  interference 
was  coming  from  a  strong,  pulsed,  radar  signal  at  about  200  me.  It  was  admitted 
through  the  Loran  antenna,  amplified  at  the  Coupler  stage,  overloaded  the  front  end 
of  the  receiver,  and  gave  a  visual  signal  bn  the  indicator  scope.  Preliminary  in¬ 
vestigations  and  tests  indicated  that  a  low-pass  filter  inserted  in  series  with  the 
Loran  antenna,  between  the  preamplifier  and  the  antenna,  should  eliminate  most  of 
the  interference.  Further  tests  are  necessary  to  determine  the  feasibility  of  such 
a  filter,  and  if  so,  the  most  efficient  arrangement  considering  insertion  loss  and 
matching,  and  terminating  impedances.  Systems  using  the  passive  coupler  have  not 
been  subject  to  this  type  of  imterference. 


Fig,  3,3,  1.6-C  Tuning  Device  Installed 
Ahead  of  Pre- Amplifier  in  Loran  Receiver 

Improved  original  design  of  the  preamplifier  would  have  effectively  reduced 
the  susceptibility  of  the  system  to  both  cross  modulation  and  overloading.  Consider¬ 
ation  should  have  been  given  to  the  rejection  of  frequexxcies  of  undesired  signals.  A 
tuning  device  on  the  front  end  of  the  amplifier  would  be  one  means  of  increasing  re¬ 
jection.  Figure  3.3.1.6-C  shows  such  a  tuning  device.  A  bemd-pass  filter  with  sharp 
cut-off  characteristics  covering  the  band  of  the  Loran  equipment  as  shown  in  Figure 
3.  3, 1,  6-D,  wQxild  also  give  the  necessary  rejection  characteristics. 

The  Loran  system  incorporates  interference  suppression  techniques  by  pro¬ 
viding  for  shielded  lead-in  cable,  good  case  shielding  against  interference  fields, 
and  adequate  shielding  of  the  local  oscillator  to  prevent  interference  with  other  equip¬ 
ment.  Ideally,  it  should  have  its  own  antenna  installation  where  it  wo\xld  be  possible 
to  minimize  lead-in  cable  length;  however,  the  increasing  number  of  antennas  in  a 
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bomber  installation  makes  it  necessary  to  double  up  with  another  system.  Good  in¬ 
stallation  practice  can  minimize  this  length,  but  it  may  still  be  long  enough  in  some 
installations  to  make  a  preamplifier  stage  necessary.  Rejection  of  undesirable  fre¬ 
quencies  should  be  provided  for  in  the  pr  eamplifier  to  minimize  malfunctioning.  Poor 
design  is  exemplified  by  the  proximity  of  the  AC  power  plug  and  antenna  lead-in  plug. 
Coupling  of  interfering  currents  has  occurred  between  the  power  lead  and  the  antenna 
lead  and  filtering  has  been  necessary.  Proper  isolation  would  have  eliminated  the 
need  for  this  filter.  The  front-end  rejection  of  undesirable  frequencies  in  the  re¬ 
ceiver  coidd  be  improved. 


Fig,  3,  3, 1,6-0  Attenuation  Charaeteri  Stic  of  Band -Pass 
Filter  for  Use  With  Loran  Receiver 

3.3,  1.7  SHORAN  SYSTEM 

The  Shoran  Radio  Set  is  a  short  range  navigational  system  used  in  present  day 
aircraft  to  determine  the  aircraft's  position  under  instrument-flight  conditions  with¬ 
out  visual  reference  to  the  surface  of  the  earth  or  to  celestial  bodies.  Two  ground 
stations  located  a  considerable  distance  apart  are  required  ip  conjunction  with  the 
airborne  installa-tion  in  cui  operational  system.  During  operation,  pulses  of  ampli" 
tude-modulated  radio  wayes  of  very  high  frequency  are  transmitted.  Radiation  from 
ground  stations  is  moderately  directional;  radiation  from  thc  airplape  r*  non-diree^ 
tionsd. 

A  typical  Shoran  system  is  shown  in  Figure  3. 3. 1.7,  Two  identical  antennas 
and  their  bases  (one  for  receiving  and  one  for  transmitting)  are  provided.  The  an¬ 
tennas  must  preferably  be  mounted  on  a  large,  relatively  Rat,  met^lic  surface  ©f 
the  airplane.  The  particular  location  of  each  antenna  depends  on  the  type  of  air¬ 
plane  in  which  the  equipment  is  installed  and  must  be  predetermined  for  each  type 
by  radiation  field  measurements.  The  antennas  shoiRd  preferably  be  shielded  from 
each  other  by  the  fuselage  or  wings  of  the  airplane.  Also  consideration  should  be 
given  to  the  location  in  respect  to  the  other  receivers  and  transmitters  in  the  air¬ 
plane,  In  addition,  attention  is  cadled  to  the  fact  that  the  transmission  line  (coaxial 
cable)  which  connects  each  antenna  to  the  equipment  enters  the  base  of  the  antenna 
through  a  feed-through  insulator  aind  must  be  so  laid  put  that  the  transmission  lines 
make  bends  of  no  less  than  4-inch  radius  to  prevent  damage  to  the  lines. 

The  indicator  is  shock  mounted  in  a  frame  which  allows  for  a  computer  unit 
(when  used).  The  receiver  is  installed  within  the  indicator  so  that  the  controls  of 
both  units  are  accessible  from  the  same  position. 

The  indicator  unit  includes  the  circuits  for  generating  the  various  sweep  and 
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blajoking  voltages  necessary  for  operation  of  the  indicator  tube.  It  also  contains 
timing  and  phasing  circuits,  pulse -selector  circuits,  and  keying-pulse-generating 
circuits  for  controlling  the  operation  of  the  airplane  transmitter.  The  indicator  is 
cooled  by  air  circulation  which  is  provided  by  a  blower  motor  within  the  unit  with 
unscreened  louvres  over  the  air  intake.  The  cathode  ray  indicator  tube  operates 
with  a  circular  sweep  and  the  signals,  applied  to  an  axial  electrode  within  the  tube, 
cause  radial  deflections  of  the  electron  beam.  The  signals  thus  appear  as  inner  or 
outer  pulses  protruding  from  a  circle  on  the  screen  of  the  indicator  tube,  and  their 
relative  positions  serve  to  determine  the  position  of  the  airplane. 

The  receiver  utilises  a  super -heterodyne  circuit  through  which  signals  from 
the  ground  stations  arc  amplified  and  converted  into  a  video  signal.  This  signal  is 
then  applied  to  the  axial  electrode  of  the  indicator  tube.  The  oscillator  is  the  main 
source  of  interference.  It  radiates  from  the  case,  external  wiring,  and  antenna. 

The  case  is  described  as  a  dust  cover  and  that  is  the  only  function  it  serves. 
There  are  rubber  gaskets  between  the  air  filter  and  indicator  case,  the  receiver  and 
indicatpr  case,  and  the  connected  sides  of  the  indicator  case.  There  is  no  screen- 
ihf  9*1  i¥Qnt  panel  to  prevent  radiation  both  in  and  out  at  the  various  controls  and 
other  br*Shs  iu  the  pase.  The  case  is  poorly  constructed  with  loose  tslsr  jmces  and 
of  non-rigid  construetion  so  that  sides  buckle  in  with  little  applied  pressure.  Tests 
in  a  shielded  room  using  a  probe  showed  hi^h  levels  of  oscillator  radiation  ftom  the 
rubber '^gasketed  joints.  Paint  was  scraped  off  the  contact  surfaces  of  these  joints 
and  shielding  gasket  braid  was  substituted  for  rubber  gaskets.  Shielding  was  applied 
to  all  apertures  In  the  front  panel  so  that  contact  with  the  control  rods  was  made, 
Screening  was  placed  over  the  air  filter  for  shielding  purposes.  These  measures 
effectiyely  ’’bottlsd  Up*'  the  oscillator  radiation  from  the  ease, 

All  these  paths  of  leakage  described  above  also  serve  as  paths  of  entry  into  the 
receiver  case  for  radio  interference.  Difficulties  have  been  encountered  in  instal¬ 
lations  where  it  was  necessary  to  shut  off  other  transmitting  equipment  in  order  to 
operate  Shoran  systems.  Information  as  to  coupling  paths  is  not  available  and  par¬ 
ticular  examples  are  classified  material.  It  is  assumed  that  the  corrective  meas¬ 
ures  taken  to  contain  the  oscillator  radiation  will  also  serve  to  keep  out  radio  inter¬ 
ference;  however,  testa  were  only  conducted  in  a  shielded  room  and  it  has  not  been 
proved  in  an  actual  installation. 

Installation  difficulties  have  been  encountered  with  the  Shoran  transmitter  in 
interfering  with  other  receivers  by  both  shock  excitation  and  the  generation  of  har¬ 
monics.  The  liaison  receiver  has  been  particularly  susceptible,  although  other  re¬ 
ceivers  have  been  affected  by  the  Shoran  transmitter.  In  a  typical  aircraft  instal¬ 
lation,  the  following  modifications  were  necessary  to  produce  a  satisfactory  system. 

(a)  The  mounting  of  the  liaison  receiver  was  modified  by  the  addition  of  ground¬ 
ing  straps  mounted  inside  of  each  shock  absorber  housing  and  by  the  removal 
of  paint  around  the  mounting  bolts, 

(b)  The  back  end  of  the  liaison  receiver  was  filtered  to..pre vent  radio  interfer¬ 
ence  from  i3hor  an  transmitters  and  k  wave  trap  was  connected  to  the  antenna 
binding  post  to  prevent  shock  excitation. 
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(c)  On  the  radio  compass  a  choke  coil  was  installed  at  the  antenna  binding  post 
which  acts  as  a  low-pass  filter  to  prevent  shock  excitation  from  Shoran 
transmitters. 

(d)  A  capacitor  was  installed  on  the  radio  compass  "look”  antenna  (reason  not 
known). 

Paths  of  entry  into  receivers  have  been  both  from  the  back  and  front  ends. 
Filters  have  been  installed  in  the  back  end  and  wave  traps  in  the  antenna  leads.  No 
information  is  available  as  to  the  coupling  paths  in  any  particular  installation.  Oper¬ 
ating  at  a  very  high  frequency  and  being  pulse  modxilated,  the  Shoran  transmitter  has 
caused  difficulties  fey  overloading  the  receivers  in  the  airplane  and  causing  shock 
excitation.  Most  of  the  difficiilty  has  been  through  antenna  radiation  although  inter¬ 
ference  has  been  radiating  from  the  case  and  from  external  wiring. 

These  difficulties  can  be  overcome  by  incorporating  the  following  features. 
Screening  should  be  put  across  the  air  filter  and  conductive  mesh  gasket  material 
installed  instead  of  rubber  gasket.  Ail  eafternal  wiring  should  be  shielded  to  prevent 
radiation  and  possible  coupling.  The  transmitter  should  be  installed  in  the  plane  so 
as  to  take  adv^antage  of  shielding  by  biilkheads,  etc.  Wiring  should  be  routed  to  pre¬ 
vent  coupling.  Rejection  of  receivers  can  be  improved  by  adding  wave  traps  to  an¬ 
tenna  lead-ins  and  by  filtering  the  back  end  when  feasible. 

in  a  shielded  room  with  Shoran  transmitter  and  liaison  receiver  antennas  set 
6  feet  apart,  a  high  level  of  interference  was  recorded  in  the  VHF  and  UHF  frequency 
range.  The  liaison  receiver  was  picking  up  harmonics  of  the  fundamental  with  spu¬ 
rious  radiations,  harmonics  of  the  pulse  repetition  rate  with  spurious  radiations,  and 
shock  excitation  from  the  fundamental.  Better  internal  circuit  design  is  neces  sary  to 
prevent  the  gene  ration  of  harmonica  (see  Paragraph  3,3,1. 2  on  VHF  System),  Speci¬ 
fic  examples  of  bad  practice  in  circuit  design  of  Shoran  transmitter  s  are  not  available, 

3,  3,  1,  8  NAVIGATIONAL  RADAR  SET 

A  navigational  radar  set  is  a  dual-purpose  equipment  designed  to  operate  by 
switch  selection  either  as  a  radar  beacon  or  an  interrogator-responder.  When  used 
as  an  interrogator-responder,  its  function  is  to  guide  the  airplane  within  200  yards 
of  the  beacon  location.  As  a  beacon,  it  responds  to  other  interrogator -responder 
radars  within  its  frequency  range.  As  shown  in  a  typical  wiring  diagram,  Figure 
3.3, 1.8,  a  representative  set  wot  *  consist  of:  (a)  receiver-transmitter,  (b)  indi¬ 
cator,  (c)  control  box  (power),  (d)  control  box  (frequency),  (e)  video  gate,  (f)  trans¬ 
mitting  antenna,  (g)  receiving  amtennas,  (h)  reflector  antennas,  and  (i)  mountings* 
cables,  interconnecting  plugs,  etc. 

The  functional  operation  of  a  typicad  radar  set  when  used  as  am  interrogator- 
responder  includes  the  following.  The  pulse -generating  circuits  furnish  the  modu¬ 
lator  with  pulses  at  various  rates  which  may  or  may  not  be  synchronized  with  asso¬ 
ciated  radar  equipment.  The  pxxlse  generating  circuits  also  furnish  a  synchronizing 
pxilse  for  the  indicator  and  a  suppression  pulse  for  the  IFF  equipment.  The  pxxlses 
from  the  modulator  cause  the  transmitting  oscillator  to  oscillate  for  four  to  six  micro¬ 
seconds  at  the  p\ilse  repetition  rate.  This  radio-frequency  energy  is  fed  to  the  trans¬ 
mitting  antenna  and  the  transmitted  energy  is  received  by  an  associated  transponder, 
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which  transmits  a  radio-frequency  reply.  The  reply  is  picked  up  by  the  receiving 
antennas,  the  outputs  of  which  are  alternately  fed  into  the  receiver  section  by  the 
antennaswitch  located  in  the  indicator.  The  video  output  of  the  receiver  is  synchro¬ 
nously  switched  with  the  receiving  antenna  in  the  indicator  and  applied  to  the  hori¬ 
zontal  plates  of  the  cathode -ray  tube  in  the  indicator. 

When  the  radar  set  is  used  as  a  transponder  (beacon),  the  video  output  is  con¬ 
nected  to  the  pulse-generating  circuit.  Thus  the  transmitter  is  triggered  each  time 
a  pulse  is  received  from  the  associated  interrogator -responder. 

The  set  operates  in  the  VHF  range  on  any  one  of  eight  preset  frequencies.  The 
receiver -transmitter  unit  is  designed  to  maintain  a  high  degree  of  frequency  stabil¬ 
ity;  the  frequency  drift  of  both  components  is  less  than  one  megacycle  between  am- 
btent  temperatures,  -55°  C,  and  +71°  C,  Power  is  obtained  from  a  115-volt,  400- 
1600  cps  supply.  Jh  addition,  a  24-28  volts,  2-ampere,  DC  source  is  required. 

The  transmitting  antenna  is  usually  installed  on  the  underside  of  the  nose  of  the 
airplane  and,  when  possible,  in  the  center  of  a  36-inch  diameter,  flat  surface.  Best 
results  can  be  achieved  if  the  antepna  is  within  ten  degrees  of  vertical  to  the  air- 
planefs  line  of  level  jSight. 

Receiving  antennas  are  installed  on  each  side  of  the  airplane,  symmetrical 
about  the  line  of  flight.  The  exact  location  for  best  results  would  have  to  be  deter¬ 
mined  experimentally  because  it  would  differ  with  each  model  of  plane  but  gener  ally 
the  two  antennas  are  installed  on  the  underside  of  the  wing,  outboard  from  a  vortical 
reflecting  surface.  Installation  of  the  indicator  and  receiver -transmitter  in  the  plane 
should  be  convenient  to  the  operator  while  sitting  in  a  comfortable  position  to  view 
the  display  tube.  A  minimum  of  wiring  length  and  isolation  from  sensitive  receivers 
are  also  installation  considerations. 

Coaxial  cable  is  used  from  the  receiver -transmitter  to  the  antennas  and  from 
the  receiver -transmitter  to  the  indicator.  Power  leads  and  control  wiring  are  un¬ 
shielded.  As  installed  in  a  typicail  airplane,  an  analysis  revealed  that  the  internal 
circuitry  of  the  receiver -transmitter  was  not  originally  designed  to  suppress  modu¬ 
lator  interference.  Wires  carrying  interference  were  coupled  with  "clean"  leads 
and  the  cooling  blower  motor  was  generating  undesirable  voltages  which  interfered 
with  the  receiver -transmitter  as  well  as  with  other  equipment.  Harmonics  and  over¬ 
loading  from  pulses  coming  from  antenna  radiation  affected  other  receivers.  Inter¬ 
ference  fields  were  leaking  out  of  the  case  and  getting  to  the  power  and  control  wiring 
which  then  provided  a  coupling  path  to  any  adjacent  wiring.  The  video  and  antenna 
leads  were  shielded  according  to  good  design  practice;  however,  neither  the  AC  nor 
DC  power  leads  were  filtered  and  hence  constituted  a  source  of  interference.  Also 
the  lobe-switch  drive  motor  was  found  to  be  am  interference  generator.  While  not 
a  source  of  interference  in  itself,  the  interconnecting  wiring  provided  a  coupling  path 
for  interference  generated  hy  the  receiver-transmitter. 

In  order  to  suppress  interference  from  this  typical  navigational  radar  set  nu¬ 
merous  modifications  were  necessary.  The  following  list  of  modifications  were  re¬ 
commended  by  the  manufacturer; 

(a)  The  blower  motor  was  changed  from  DC  to  AC  to  eliminate  triggering  of 


3  -  147 


AWiaT-Tr!  ATTOKTR 


jsirr'  ITT 

^^ymrnm  •  AHkO. 


the  beacon  function  by  brush-spark  interference  and  to  prevent  interfer¬ 
ence  in  other  equipment. 

^b)  The  receptacles  for  power  and  control  wiring  were  changed  to  a  new  type 
having  ceramic  by-pass  condensers  integral  with  the  contact-pin  cor  3truc- 
tion  to  reduce  leakage  from  the  receiver  oscillator  and  other  interference 

sources  in  the  unit. 

0- 

(c)  A  shield  was  designed  and  installed  on  the  radio-frequency  tuner  chassis 
of  the  receiver  to  enclose  and  confine  the  field  of  the  line-type  oscillator. 
Since  it  was  not  considered  in  the  original  design,  the  shield  had  to  be  mod¬ 
ified  to  provide  clearance  holes  for  tur  ret- wheel  contacts  and  the  openings 
nsed  for  access  to  trimmer  condensers  h«Vd  to  be  capped.  This  added 
shielding  materially  reduced  oscillator  leakage  and  also  suppressed  the 
oscillations  radiating  from  the  radio-frequency  stage  which  had  occurred 
in  the  original  design. 

(d)  Additional  bonding  was  necessary  for  theEF  tuner  chassis  to  reduce  chas* 
sis  potentialand  leakage.  It  was  also  necessary  to  install  chokes,  by-pass 
condensers,  and  filter  resistors  both  in  aridoatsidc  of  the  EF  tuner  to  re¬ 
duce  leakage  and  radiated  interference,  A  series  resistor  was  installed 
in  the  mixer-plate  output  lead  to  reduce  the  oscillator  leakage  through  the 
IF  stages  into  the  circuit  wiring  and  radiation  from  the  receiver, 

(e)  A  small  amount  of  delay  bias  on  the  video  detector  diode  reduced  the  inter¬ 
ference  due  to  triggering  of  the  beacon, 

(£)  The  screen  resistor  of  the  EF  amplifier  tube  was  lowered  from  33  to  10 
kilohms  to  increase  stage  gain  and  improve  th^e  signal  to  interference  ratio 
of  the  receiver, 

(g)  The  tuning- slug  screw  in  the  qaeUiator -vernier  mounting  block  was  found 

*  to  move  'ft  1^03? XnS;!  Vibration  and  caused  both  amplitude  and  frequency 

modulation  qf  the  oscillator,  A  detent  device  was  incorporated  to  prevent 
this  vibration  and  correct  the  difficvdty, 

(h)  Decoupling  resistors  were  provided  in  the  suppressor  input  and  output  cir¬ 
cuits  so  that  interference  leakage  along  interconnecting  cables  would  not 
cause  faulty  ope  ration  of  paired  units  in  beacon  and  interrogator-responder 
service, 

(i)  The  receiver-transmitter  plate-supply  voltage  was  lowered  to  approxi¬ 
mately  265  volts,  which  is  30  volts  less  than  that  used  in  the  original  de¬ 
sign.  The  loss  of  receiver  gain  which  accompanied  this  change  was  made 
up  by  lowering  the  cathode  resistor  of  the  fifth  IF  stage  from  470  to  270 
ohms.  The  chief  advantage  of  this  change  was  to  lower  the  plate  dissipa¬ 
tion  in  all  the  tubes,  e-specially  in  the  6AK5  of  the  EF  stage. 

Lowered  plate  voltage  for  the  transmitter  also  was  intended  to  eliminate  volt¬ 
age  breakdown  and  reduce  corona  on  high  voltage  leads  and  terminals  at  high  alti¬ 
tudes,  a  condition  which  had  made  the  triggering  due  to  interference  so  severe  that 
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the  beacon  function  was  not  usable.  Transmitter -power  output  indication  was  satis¬ 
factory  at  the  lowered  plate  voltage  provided  a  tube  with  ample  filament  emission 
was  used  in  the  power -output  indicator  device,  in  addition,  several  detailed  changes 
were  made  to  increase  air-gap  length  and  decrease  corona  on  the  high-voltage,  pow¬ 
er-supply  layout,  A  recent  investigation  on  a  heavy  bomber  installation  revealed 
that  the  navigational  radar  was  producing  interference  in  the  command  receiver,  the 
radio  compass,  the  liaison  receiver,  the  VHF  receiver,  and  the  Lor  an  receiver. 
The  interference  produced  in  the  Lorah  was  particularly  serious  because  of  its  high 
magnitude  and  the  dangerous  fact  that  it  can  easily  be  mistaken  for  an  actual  Loran 
station. 

Preliminary  tests  indicated  that  the  interference  was  being  radiated  from  the 
radar  transmitting  antenna  and  being  picked  up  by  the  antennas  of  the  above  receivers. 
Overloading  was  occurring  and  the  interfering  signal  was  being  admitted.  A  low- 
pass  filter  was  inserted  in  series  with  the  Loran  antenna  and  it  appeared  that  most 
of  the  interfering  currents  were  eliminated.  Further  investigations  have  to  be  made 
to  determine  the  feasibility  of  this  type  of  filter  as  well  as  to  consider  the  insertion 
loss  and  the  matching  and  terminating  impedances. 

The  above  discussion  should  serve  as  an  excellent  example  of  what  is  likely  to 
happen  if  proper  design  practices  are  not  made  an  integral  part  of  all  phases  of  de¬ 
sign,  While  it  may  be  admitted  that  this  system  was  made  operable  by  making  cer¬ 
tain  modifications,  it  must  be  vinderstpcd  that  fundamentally  "fixes"  are  inefficient 
and  cpstly  in  terms  of  time,  weight,  and  space, 

3,3, 1,9  RADIO  ALTIMETER  SYSTEM 

Airborne  radio  altimeter  systems  are  designed  to  indicate  the  altitude  of  the 
aircraft  above  the  terrain  by  accurately  measuring  the  time  required  for  a  radio  sig¬ 
nal  to  travel  to  the  earth's  surface  and  return,  and  interpreting  this  time  interval 
in  terms  of  distance  in  feet  above  the  reflecting  surface  directly  under  the  aircraft. 

Representative  equipment  is  designed  te  emit  a  frequency-modulated  r  adio  w'ave 
in  a  downward  direction  from  the  transmitter  antenna.  For  both  the  low  end  high 
ranges,  G  -  40G  feet  and  400  -  40QQ  feet  respectively,  the  carrier  signal  is  in  the 
UHF  range.  The  earth's  surface  reflects  a  portion  of  this  radiated  energy,  and  this 
is  received  on  a  separate  receiver  antenna.  During  the  time  interval  required  for 
the  signal  to  travel  to  earth  and  return,  the  frequency  of  the  transmitter  vfill  have 
changed.  A  small  fraction  of  the  transmitter  signal  is  transmitted  directly  to  the 
receiver  and  mixed  with  the  reflected  signal  from  the  earth.  Since  the  transmitter 
is  continuously  changing  its  frequency,  there  will  oe  a  difference  in  frequency  be¬ 
tween  the  direct  and  reflected  signal  at  any  Instant  of  time  arid  this  difference  will 
be  proportional  to  tha  distance  of  the  aircraft  above  ground.  The  detector  circuit 
converts  this  difference  in  frequency  to  a  direct  current  which  is  indicated  by  a  meter 
calibrated  directly  in  feet  of  altitude  above  the  ground.  The  detected  current  also 
operates  a  pair  of  relays  which  are  preset  to  energize  altitude -limit  indicators. 

In  general,  radio  altimeter  systems. are  composed  of  (1)  transmitter  antenna 
and  receiver  antenna,  (2)  a  transmitter -receiver,  (3)  indicators,  (4)  limit-switch 
assembly,  (5)  limit-light  indicator,  and  (6)  inter-connecting  cables.  The  installation 
of  a  representative  radio  altimeter,  set  in  a  typical  aircraft  has  been  selected  as  an 
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example  for  discussion  of  design  techniques  for  interference -free  operation. 

The  transmitter  and  receiver  antennas  used  on  the  radio  atlimeter  are  identic  ad 
andinterchangeable«  Each  antenna  consists  of  a  one-half  wavelength  dipole  on  a  suit¬ 
able  mounting  structure  with  provisions  for  connecting  a  50-ohm  transmission  line 
through  a  coaxial  elbow  adapter.  The  antennas  are  mounted  on  a  suitable  metallic 
surface  which  acts  as  a  reflector.  The  antenna  system  is  designefd  to  radiate  and 
receive  maximum  signal  strength  in  a  generally  downward  direction  with  a  minimum 
transfer  of  energy  from  the  transmitting  antenna  to  the  receiving  antenna,  and  to 
minimisse  variations  in  the  received  reflected  signal  while  executing  a  reasonable 
dive,  climb,  or  banking  maneuvers.  The  pilot’s  indicator,  limit  and  marker  lights 
are  mounted  within  reach  of  the  pilot  when  seated  at  the  flight  controls.  There  is  no 
audio  output  for  the  radio  altimeter  -  all  indications  are  visual. 

The  transmitter -receiver  unit  is  usually  located  as  close  to  the  antenna  instal¬ 
lations  as  practicable  and  consequently  appears  in  the  compartment  nearest  the  an¬ 
tennas.  interconnecting  cords  and  cables  are  gener  ally  bundled  with  other  electrical 
wiring  passing  through  the  compartment.  Navigational  radar  receiver-transmitter 
controls,  search  radar  synchronizer,  navigational  radar  indicator,  Loran  indicator, 
and  radio  altimeter  indicator,  are  examples  of  types  of  wiring  that  are  frequently 
found  in  a  typicsd  bundle. 

Radio  interference  signals  have  gained  access  to  the  receiver  circuits  over 
paths  of  entry,  as  shown  in  Figure  3»3, 1,9»  and  caused  unsatisfactory  operation  of 
the  radio  altimeter  system.  Interference  signals  generated  by  the  system  may  be 
introduced  into  other  aircraft  wiring  systems  over  the  same  routes.  In  the  radio 
altimeter  system  only  the  transmitter -receiver  combination  need  be  considered  as 
a  potential  source  of  interference.  It  is  also  the  only  component  of  the  system  that 
is  susceptible  to  interference. 

In  general,  interfering  signals  can  enter  the  transmitter -receiver  case  through 
the  following  paths;  (a)  transmitting -antenna  lead,  (b)  receiving-antenna  lead,  (c) 
automatic -pilot  altitude -control  cable,  (d)  limit-switch  cable,  (e)  indicator  cable, 
and,  (f)  the  power -input  cable.  Interfering  signals  can  be  introduced  into  the  receiver 
over  auiy  of  these  paths  by  conduction  along  the  cables  or  through  inductive  or  capac¬ 
itive  coupling  between  other  aircraft  wiring  and  the  system  wiring. 

Interference  problems  in  the  radio  altimeter  system  of  the  typical  aircraft  in¬ 
stallation  selected  for  discussion  were  caused  by  the  following;  (a)  loose  connections 
in  the  antenna  transmission  system  due  to  the  fact  that  plugs,  adapters,  receptacles, 
etc,  t  were  not  tighter  properly  meshed  and  (b)  field  modulation  which  resulted  from 
"secondary  feed-through"  paths  having  variable  elements  and  were  capable  of  effec¬ 
tively  modulating  the  received  signal. 

As  an  example  of  an  unusual  type  of  interference  which  may  affect  radio  alti¬ 
meter  systems,  consider  the  reflecting  surface  of  a  propeller  which  is  moving  through 
the  common  field  of  the  two  cintennas.  The  intermittent  reflected  signal  thus  picked  up 
by  the  receiving  antenna  combines  with  and  effectively  modulates  the  desired  signal 
reflected  by  the  earth.  If  this  field  modulation,  after  passing  through  the  detector  and 
audio-frequency  amplifier  stages  is  of  sufficient  amplitude  to  operate  the  square-wave 
limiter,  counts  will  be  added  to  the  limiter  output  signal  and  an  excessive  altitude 
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will  be  indicated. 

A  similar  but  more  erratic  effect  is  produced  if  there  is  a  loose  metallic  part 
of  the  aircraft  within  the  fields  of  the  antennas  which  can  shift  or  vibrate  so  as  to 
cause  an  intermittent  or  rubbing  contact  with  another  metal  part  or  surface.  In  this 
case,  induced  currents,  set  up  in  one  of  the  surfaces  by  the  transmitted  signal,  are 
modified  both  in  phase  and  in  amplitude  by  intermittent  contact  with  the  other  surface 
similarly  charged.  Thus,  treinsient  currents,  covering  a  wide  bsmd  of  frequencies, 
are  produced  in  the  field  of  the  receiver  antenna.  Usual  sources  of  such  trouble  are 
bomb  bay  doors,  loose  access  plates,  loose  wheel  fairing,  trailing  wire  antennas, 
etc.  When  a  source  of  field  modxilation  is  found,  an  attempt  should  be  made  to  cor¬ 
rect  the  condition  either  by  electrically  bonding  or  by  completely  insulating  the  two 
surfaces  whieh  are  causing  the  trouble.  If  such  correction  is  not  feasible,  it  may 
be  necessary  to  relocate  the  antennas  so  as  to  remove  the  source  from  the  common 
field  of  the  antennas. 

Difficulties  have  been  encountered  in  a  typical  aircraft  installation  where  audio 
ripple  originating  in  a  motor  has  been  conducted  by  the  power  leads  into  the  trans¬ 
mitter  and  receiver  affecting  the  altitude  indicator  by  as  much  as  300  feet  on  the  high 
range  scale.  The  altitude  indicator  is  in  a  particularly  susceptible  position  because 
of  the  circuit  arrangement.  In  a  controlled  situation,  an  audio  oscillator  could  vary 
f  eadings  by  300  feet  with  little  difficulty.  In  a  typi  1713  tallation,  a  250  pfd  capacitor 
was  installed  at  an  aileron  booster  motor  in  order  to  suppre  .  the  audio  ripple  that 
was  getting  in  through  power  leads  and  affecting  the  indicator.  Prc.^^er  transmitter - 
receiver  design  shotild  have  made  the  unit  insusceptible  to  interference  on  these 
leads . 


Interference  in  radio  altimeters  often  manifests  itself  by  (1)  erratic  altitude 
indications  observed  as  jumps  of  200  -  400  feet  when  flying  over  land  at  altitudes 
from  400  -  3000  feet,  and  (2)  marked  increase  in  altitude  indication  when  switching 
over  the  high  range  while  in  flight  at  altitudes  near  400  feet.  It  has  been  found  that 
these  effects  are  usually  caused  by  electrical  interference  which  effectively  adds 
counts  to  the  audio-frequency  signal  output  of  the  detector.  Such  conditions  are  most 
likely  to  be  encountered  when  the  reflected  signal  is  relatively  low  in  amplitude  as 
when  flying  over  dry  land. 

The  difficxilties  encountered  with  this  system  as  explained  above  and  as  shown 
in  Figure  3.  3.  1.9  could  have  been  avoided  had  proper  design  and  installation  tech¬ 
niques  been  adhered  to  from  the  start.  Two  types  of  problems  can.  be  shown  to  exist 
by  inspection  of  the  figure.  One  group  concerns  the  equipment  designer  and  may  be 
outlined  as  follows: 

(a)  The  antenna  lead-ins  may  be  considered  potential  sources  of  interference 
to  the  system  itself.  Proper  design  will  permit  both  to  be  completely  shield¬ 
ed  from  the  antennas  to  the  transmitter  -  receiver,  including  correctly 
matched  input  and  output  circuits. 

(b)  Cabling  between  the  transmitter -receiver  and  other  units  to  which  it  must 
be  connected  may  be  considered  similarly.  Proper  design  of  the  internal 
circuits  of  the  transmitter -receiver  will  insure  that  they  are  not  suscept¬ 
ible  to  interference  picked  upon  the  cables.  Additionally,  the  design  should 
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RADIO  COMPASS  SYSTEM 

be  such  that  interference  viull  not  be  conducted  out  of  the  transmitter-re¬ 
ceiver  on  these  cables.  If  a  signal  essentiad  to  the  system  operation  is  to 
be  conducted  betwe*  .  units  of  the  system  and  which  might  cause  interfer¬ 
ence  in  other  equipi  ?nt,  the  signal  shovild  be  contained  within  the  cable  by 
shielding. 

The  second  group  of  problems  concerns  the  installation  designer  and  xnay  be  out¬ 
lined  as  follows: 

(a)  The  antennas  should  be  installed  outside  interference  fields  of  other  equip¬ 
ment  and  smtennas. 


ii 

i 

i 

-i 
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(b)  Instadl  the  antennas  so  that  the  receiving  antenna  is  shielded  from  the  trans¬ 
mitting  antenna. 

(c)  Install  the  other  components  of  the  system  in  as  close  proximity  as  possible 
using  proper  interconnecting  cabling,  and  where  practicable,  away  from 
strong  interference  sources  and  fields. 

3.  3,  1.10  RADIO  COMPASS  SYSTEM 

Airborne  radio  compass  systems  in  use  today  are  basically  similar  in  func¬ 
tion  and  design.  The  system  consists  of  a  radio  receiver  using  a  superheterodyne 
circuit  and  certain  additional  circuits  necessary  for  radio  compass  operation.  Two 
remote  control  boxes  and  two  indicators  permit  operation  of  theconipass  from  either 
©f  two  separate  positions  in  the  aircraft,  A  relay  unit  including  an  autotranslormer 
is  provided  to  permit  switching  from  one  control  box  to  the  other,  A  vertical  rod/, 
non-directional  antenna  and  a  center -tapped,  loop  antenna  together  with  the  neces  sary 
interconnecting  cords  and  power  cable  complete  the  system. 

In  generail,  radio  compass  systems  operate  over  a  frequency  range  of  approxi¬ 
mately  100  to  2000  kilocycles  and  are  capable  of  providing: 

(a)  an  automatic  visual  bearing  indication  of  the  direction  of  arrival  of  radio 
frequency  signals, 

(b)  aural  reception  of  modulated  radio-frequency  energy  using  either  a  non- 
directional  or  loop  antenna,  and 

(c)  aural-nxoU  directional  indications  of  the  arrival  of  modulated  radio-fre¬ 
quency  signals  using  a  loop  antenna. 

The  installation  of  a  representative  radio  compass  set  in  a  typicaJ,  aircraft  has 
been  selected  as  an  example.  The  discussion  to  follow  applies  specifically  to  this 
particular  system.  However,  because  of  the  similarity  of  all  such  systems,  no  sac¬ 
rifice  of  generality  is  suffered. 

Loop  and  sense  antennas  are  mounted  outside  the  aircraft  on  the  top  or  under 
the  fuselage  near  the  pilot  and  navigator  compartments.  The  pilot's  control  panel 
and  indicator  are  mounted  within  reach  of  the  pilot  when  seated  at  the  flight  con¬ 
trols.  There  is  another  remote  control  panel  and  indicator  mounted  in  the  navigator's 
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compartment,  A  radio- compass  audio  output  is  provided  at  each  interphone  control 
box.  In  general,  there  would  be  a  pilot,  co-pilot,  navigator,  and  radio  operator 
interphone  control  box,  each  located  within  easy  reach  of  the  crew  member.  The 
relay,  power  shield,  and  receiver  are  mounted  in  the  compartment  behind  the  pilot. 
An  inverter  in  the  same  compartment  provides  a  400  cycle  per  second,  AC  supply 
to  the  radio  compass  system.  There  are  no  components  located  in  the  tail  section 
or  wing  sections.  Interconnecting  cords  and  cables  are  generally  bundled  with  other 
electrical  wiring  passing  through  the  compartment.  Radar  sets,  computers,  and 
auto-pilot  trays  are  frequently  mounted  in  the  same  compartment  with  the  radio  com¬ 
pass  receiver. 

Radio  interference  signals  have  caused  unsatisfactory  operation  of  the  radio 
compass  system.  Visual  bearing  indications  are  particularly  susceptible  to  inter¬ 
fering  signals  due  to  the  fact  that  unwanted  voltages  appearing  on  the  grids  of  the 
thyratrons,  which  position  the  loop  antenna,  can  override  the  desired  signal  and  cause 
erroneous  or  unstable  visual  indications.  Aural  reception  and  aural-null  indications 
may  become  unintelligible  when  interfering  signals  of  sufficient  nuisance  value  are 
allowed  to  produce  audible  sounds  in  the  headset. 

There  are  two  components  in  the  radio  compass  system  that  must  be  considered 
as  potential  interferencs  generators;  (1)  the  drive  motor  in  the  loop  antenna,  and 
(2)  the  receiver  itself.  Design  GGnsiderations  for  these  components  are  discussed 
in  Paragraph  3,2. 1.1  and  3.4  respectively.  The  receiver  requires  particular  atten¬ 
tion  because  of  its  local  oscillator  and  thyratron  output. 

An  analysis  of  each  component  in  the  compass  system  reveals  that  only  the  re¬ 
ceiver  is  susceptible  to  radio  interference.  Even  theugh  the  functioning  of  theotfesr 
components  of  the  system  is  unaffected  by  interference  signals,  they  may  serve  as 
paths  of  entry  for  undesired  signals. 

In  general,  interfering  signals  can  enter  the  receiver  case  itself,  through  any 
one  of  the  following  paths,  as  shown  in  Figure  3.  3.  1.  10: 

(a)  Separate  inverter  AC  power  supply  cable, 

(b)  DC  power  supply  cable, 

(c)  Loop  and  non-directional  antenna  cables, 

(d)  Flexible  tuning  shafts, 

(e)  Marker  beacon  receiving  equipment,  14  to  28  and  220  volt  DC  supply  cable, 

(f)  Remote  control  connecting  cables, 

(g)  Headphone  output  cord,  and 

(h)  Penetration  of  the  receiver  case  or  shield. 

Interfering  signals  may  enter  the  radio  compass  receiver  by  conduction  along 
the  cables  as  a  result  of  inductive  or  capacitive  coupling  links  between  any  of  the 
system  cables  and  other  aircraft  wiring.  Such  cable  connections  are  those  between 
the  control  boxes  and  the  relay,  relay  and  marker  beacon  receiver,  relay  and  AC- 
DC  power  shield,  relay  and  loop  antenna,  and  indirectly,  those  from  the  loop-antenna 
motor  control  circuits. 

Unwanted  signals  can  also  be  introduced  into  the  receiver  through  any  one  or 
more  of  the  five  openings  in  the  metal  receiver  case.  These  openings  are  provided 
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for  the  loop  antenna  and  sense  antenna  leads,  the  AC -DC  pov.'er  cable,  the  headset 
or  interphone  audio -output  cord,  and  the  flexible  tuning  linkages.  Interfering  signals 
can  be  inductively  or  capacitively  coupled  into  these  cables  directly  and  gain  access 
to  the  receiver  case.  In  a  typical  radio  compass  installation,  an  auto-pilot  tray  was 
located  close  to  the  receiver  and  the  power  cables  of  the  auto-pilot  tray  paralleled  the 
antenna  leads  and  power  cable  of  the  receiver.  This  difficulty  was  increased  by  the 
use  of  anunshielded sense -antenna  wire  to  the  radio  compass  receiver.  Interference 
was  reduced  by  substituting  a  shielded  coaxial  cable  for  the  unshielded  wire,  rerouting 
the  loop  cable  away  from  the  auto-pilot  cabling,  and  braid  shielding  the  entire  cable 
bundle.  These  steps  could  have  been  taken  in  the  original  installation;  hovv^eyer,  the 
offending  source,^  namely,  the  auto-pilot,  should  have  been  rendered  interferenee- 
ree  y  the  manufacturer  in  the  original  design,  by  application  of  techniques  outlined 
m  Section  I.  Observance  of  good  designtechniques  would  have  obviated  the  necessity 
for  the  preceding  fixes. 

Figure  3.3.1.JQ  illustrates  the  most  vulnerable  pointy  for  interference  signals 
to  enter  the  radio  compass  system.  Unwanted  signals  picked  up  by  the  marker  beacon 
antenna  can  reach  the  receiver  through  the  marker  beacon  receiver  and  relay  to  the 
AC,  -  pc  power  shield.  From  the  power  shield,  a  direci  path  is  provided  over  the 
power  cables  to  the  receiver.  Disturhing  signals  picked  up  by  the  loop  or  senfe 
i^&tennas  have  a  direct  path  into  the  receiver  case  over  the  antenna  wiri;^. 

‘11  a  <iagree  of  freedom  from  interference  attained  in  any  radio  compass  system 
wnl  depend  upon  the  care  of  the  designer  in  applying  radio  interference  elimination 
techmques,  as  discussed  in  other  paragraphs  of  this  book,  The  major  interference 
m  radio  compass  systems  is  due  to  conducted  signais  over  the  system  wiring  and  also 
to  inductively  or  capacitively  coupled  signals  into  the  system  wiring.  In  radio  com- 
pass  systems,  particular  attention  must  be  paid  to  the  filtering,  shielding,  and  bonding 
necessary  to  avoid  conducted  and  radiated  interference  from  neighboi’ing  systems 
operating  from  the  same  power  supplies  and  in  close  proximity.  An  effort  should 
be  made  to  avoid  bundling  the  system  cables  with  other  cables  that  are  likely  to  couple 
unwanted^signals  mto  the  compass  system-  Also,  the  components  of  the  system,  as 
well  as  the  wiring,  should  be  located  and  routed  so  as  to  avoid  proximity  to  obvious 
or  probable  interference  generators. 

Gomponents  should  be  placed  and  circuitry  arranged  in  such  order  as  to  result 
in  a  minimum  susceptibility  to  interference.  Reference  to  Figure  3.  3.  1. 10  shows 
that  the  compass  system  wiring  is  directly  connected  to  other  electrical  systems  in 
e  aircra  t  through  three  connecting  cables,  i.  e. ,  (1)  receiver  audio  output  to  inter¬ 
phone  system,  (2),  relay  power  supply  to  marker  beacon  receiver,  (3)  AC-DC  power 
supply  to  power  shield.  These  lines  can  be  filtered  to  prevent  interference  from 
entermg  or  leaving  the  system  by  conduction.  Details  of  filtering  and  filter  desion 
are  discussed  in  Paragraph  3.1.1  and  Appendix  VH.  Proper  design  techniques,  Is 
outlined  mother  sections  of  the  book,  however,  should  have  been  applied  in  the  initial 
design  so  as  to  make  the  equipment  insusceptible  to  interference  op  these  leads 
There  is  also  the  possibility  that  the  components  of  the  radio  compass,  system  may 
not  be  at  the  same  ground  potential  for  a  certain  band  of  interference  frequencies 
Such  a  condition  frequently  occurs,  due  to  varying  impedance-to-ground  character¬ 
istics  for  the  circuit  components,  and  consequently  provides  a  path  for  circulatory 
mterfering  currents.  Proper  bonding  will  prevent  these  conditions,  as  pointed  out 
in  Parag raph  3.1,3.  Each  component  should  be  adaquately  bonded,  and  each  shielded 
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cable  shouW  be  bonded,  net  only  at  its  terminal  points,  but  also  at  each  supporting 
strap,  in  the  case  of  Tong  cables. 

Eoop  antenna  and  sense  antenna  leads  should  be  electrostatically  shielded.  The 

synchro  connections  from  the  loop  antenna  to  the  pilot  and  navigator  indicator  are 
generally  bundled  together  with  other  aircraft  wiring  and  provide  a  means  of  coupling 
interference  from  the  loop  drive  motor  into  other  aircraft  electrical  and  electronic 
systems.  Consideration  must  be  given,  also,  to  the  possibility  of  coupling  interfer¬ 
ence  from  the  other  systems  into  the  receiver  through  the  loop  antenna  lead-in.  If 
these  cables  are  bundled  with  other  susceptible-system  wiring,  or  other  probable 
interference -gene  rating  system  wiring,  they  should  be  shielded,  unless  rerouting  is 
practicable.  The  example,  discussedabove,  where  the  auto-pilot  caused  considerable 
ihterference  in  the  compass  system,  is  a  good  illustration  of  the  difficulties  that  can 
result  when  proper  shielding  techniques  are  not  observed.  Basically,  however,  the 
^  auto-pilot  is  the  offender  and  source  suppression  of  interference  was  not  properly 

considered  in  its  design, 

3.  3.  1,11  RADAR  FIRE- CONTROL  SYSTEM 

*  '  ' 

Radar  fire-control  and  gun-laying  radar  systems  (see  Paragraph  3,  3.  1. 12) 
have  essentially  the  same  components  and  serve  basically  the  same  function.  These 
two  representative  systems  were  chosen  to  contrast  design  techniques  pertinent  to 
f  radio  interference, 

The  radar  fire-control  system  chosen  is  an  all-weather  system  designed  for 
high  altitude  interceptors  that  employ  fixed  armament,  It  has  two  primary  functions, 
'  search  and  attack.  In  two  place  aircraft  a  transitional  function,  hand-tracking,  is 

provided  fqr  the  radar  operator,  In  the  search  function,  the  fire-control  system 
detects  the  enemy  aircraft,  Qnce  the  target  has  been  located,  the  operator  directs 
the  antenna  toward  the  target  by  hand -tracking  and  places,  the  equipment  on  automatic 
track,  At  this  time,  the  pilot’s  indicator  provides  the  attack  display  in  terms  of 
ringe.  azimuth,  and  elevation  of  the  target,  and  an  artificial  horizon  display  of  Lis 
own  altitude, 

A  fire-control  system  has  many  components  installed  in  separate  housings, 
^  The  recommended  practice  of  incorporating  as  many  units  as  practicable  in  one  hous¬ 

ing  to  minimize  interconnecting  wiring  is  not  applicable  in  this  system  bee-  .- 'e  of  the 
space  limitations  in  fighter  aircraft.  Many  smaller  units  facilitate  installation  en¬ 
gineering,  However,  the  resulting  maze  of  interconnecting  wiring  magnifies  the  radio 
interference  problem. 

Components,  of  such  a  system  would  include;  Antenna,  radar  modulator,  re¬ 
ceiver-transmitter,  servo  amplifier,  computer,  range  servo,  dimmer  control, 
rocket- setting  control,  sight  head,  range  indicator,  power  supply  control,  power 
supply*  naanual  range  control,  gyroscope,  electronic  control  amplifier,  gun-laying 
radar  central,  two  azimuth- elevation  indicators,  antenna  (hand  control),  blowers, 
wave  guide,  and  cabling .  The  main  sources  of  interference  in  this  typical  fire-control 
system  would  include  the  antenna,  receiver-transmitter,  and  the  modulator. 
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switches,  servo  motors,  and  drive  motors,  necessitates  careful  consideration  in 
the  design  stage.  In  this  system’s  original  design,  relays  were  suppressed  by  the 
addition  of  capacitors  in  parallel  with  the  relay  switch.  Feed-through  capacitors 
(0.  01  pf)  were  also  included  in  series  with  the  relay  input  leads.  However,  circuit 
arrangement  was  such  as  to  couple  interference  back  into  the  filtered  lead  nullifying 
the  suppression  techniques.  More  effective  suppression  could  have  been  had  with  the 
addition  of  a  resistance -capacitance  circuit  in  parallel  with  the  switch  rather  than 
a  capacitor;  proper  routing  of  leads  would  have  eliminated  coupling  of  interference 
back  into  the  ’’clean*'  leads.  Filters  were  installed  on  the  output  leads  of  the  servo 
motors.  However,  again,  the  ’’clean”  leads  out  of  the  filter  were  exposed  to  inter¬ 
ference  coupling. 

The  receiver-transmitter  (RF  Unit)  proved  to  be  an  indirect  source  of  inters 
ference  currents  by  providing  a  coupling  path  for  interference'  from  the  modulator 
pulse.  The  pulse  entered  the  receiver^transmitter  through  a  shielded  cable  and  the 
interference  coupled  through  the  circuits  to  appear  finally  on  the  external  wiring 
enabling  the  interference  to  couple  into  other  airplane  wiring.  Improved  shielding 
or  filtering  techniques  within  the  receiver-transmitter  could  have  eliminated  this 
coupling  path.  Case  construction  of  the  receiver-transmitter  was  poor  because  it 
utilized  a  rubber  gasket  for  its  pressurized  seal.  Radiated  interference  from  currents 
originating  in  the  modulator  was  leaking  from  the  case;  conductive  gasket  material 
substituted  for  the  rubber  gasket  would  have  eliminated  this  source  of  leakage, 

The  pulse  cable  between  the  modulator  and  the  receiver -transmitter  proved  to 
be  a  aeverift  source  of  radiated  interference.  A  loop  probe  measured  12,  OOO  micro- 
yolts  of  rftdiated  interference.  The  cable  used  was  of  approved  coaxial  type  with  four 
layers  of  shielding;  however,  the  connectors  or  plugs  provided  poor  shielding  con¬ 
tinuity  with  the  cable,  and  leakage  caused  interference  to  appear  on  all  parts  of  the 
coaxial  line  and  to.  radiate  or  couple  into  other  airplane,  wiring .  A  different  type  of 
coaxial  line  and  plugs  were  used  and  materially  reduced  the  interference.  The  coaxial 
cable  replacement  had  inferior  shielding  properties  (2  layers  of  shielding);  however, 
good  continuity  “was  achieved  with  thajaew  plugs.  Better  results  could  have  been 
obtained  if  the  original  cable  had  been  used  with  an  improved  type  of  plug. 

The  modulator  in  this  system,  a  source  of  interference  by  the  nature  of  the 
function  it  has  to  perform,  (see  Paragraph  3.  2.  2.  3  on  Modulators),  incorporated 
widespread  shielding  of  internal  wiring.  The  effectiveness  of  this  shielding  was  con¬ 
siderably  reduced  by  leaving  about  four  inches  of  pulse  cable  unshielded  within  the 
case  from  the  plug  to  the  capacitor.  This  enabled  interference  to  radiate  to  all  sus¬ 
ceptible  leads  and  circuits  within  the  modulator  and  also  to  be  radiated  and  conducted 
from  the  case.  The  most  efficient  pick-up  of  this  interference  was  by  the  coils  of 
relays  and  blowers.  Subsequently,  the  interference  could  be  conducted  out  of  the  case 
by  the  relay  and  blower,  power  and  control  leads.  Shielding  effectiveness  was  further 
reduced  by  not  adequately  bonding  the  shielding  conduit  and  by  using  throughout  the 
modulator  what  amounted  to  "floating”  shields.  (See  Paragraph  1.  8.  2.  2.  )  As  in  the 
receiver-transmitters,  the  modulator  employed  a  rubber  gasket  to  maintain  its  pres¬ 
surized  seal  which  permitted  radiation  of  interference  from  the  case.  Shielding  braid 
substituted  for  the  rubber  gasket  again  would  reduce  this  case  radiation. 

Poor  design  practices  observed  throughout  the  set  would  include: 
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(a)  "Noisy"  and  "clean"  leads  were  bundled  together,  a  malpractice  which 
permitted  coupling  of  interference  into  "clean"  leads. 

(b)  Filter  and  by-pass  capacitors  were  made  ineffective  by  routing  the  filtered 
lead  back  through  the  interference  field. 

(c)  Filters  were  not  mounted  close  to  the  interference  source  and  the  portion 
of  the  lead  between  the  source  and  the  filter  was  left  unshielded  and  free 
to  radiate. 

(d)  Shielding  braid  was  not  grounded. 

(c)  Groundwires  were  unnecessarily  long,  a  poor  design  practice  which  creates 
high  impedance  paths  and  permits  radiation  of  radio  interference  from  these 
ground  leads. 

To  illustrate  the  importance  of  proper  routing,  grounding,  and  shielding  tech¬ 
niques,  two  tables  have  been  prepared  which  show  conducted  and  radiated  interference 
before  and  after  the  following  remedial  actions  were  taken: 

(a)  "Noisy"  leads  were  shielded,  or  when  shielding  was  impractical,  rerouted 
or  filtered. 

(b)  Rerouting  of  leads  coming  out  of  interference  suppression  unif  s  was  accom¬ 
plished  so  as  to  avoid  coupling  of  the  original  interference  back  into  the 
"elean"  lead. 

(c)  Filters  were  mounted  as  close  to  the  interference  source  as  possible. 

{d)  All  "floating"  shields  were  effectively  grounded  at  both  ends  and  at  inter¬ 
mediate  points  when  necessary  with  leads  whose  length  was  no  longer  than 
two  inches. 

(e)  Other  ground  leads,  some  as  long  as  IQ  feet,  were  eliminated  and  short 
leads  (2  inches)  substituted. 

(f)  The  pulse  cable  and  plugs  were  improved  and  properly  grounded. 

(g)  Shielding  braid  was  placed  between  the  mating  surfaces  of  the  modulator 
and  the  receiver-transmitter. 

(h)  Leads  conducting  interference  out  of  the  modulator  and  receiver- trans¬ 
mitter  were  filtered  at  a  point  as  close  to  the  pin  connector  as  possible. 

The  results  of  the  tests  demonstrated  in  Figure  3.3. 1.11- A  and  Figure  3.3. 1.11  -B 
were  conducted  in  accordance  with  Specification  MlL-I-6181.  The  corrective  action 
taken  on  this  fire-control  system  was  not  intended  to  be  complete,  but  merely  to 
demonstrate  the  appreciable  improvements  that  can  be  had  by  proper  design  consi¬ 
derations. 

The  interaction  of  this  equipment  with  other  aircraft  systems  can  be  demonstrated 
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RADIATED  INTERFERENCE  IN  MICROVOLTS 

BEFORE  SUPPRESSION  TECHNIQUES  AND  AFTER 
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3.  3.  i.  11  RADAR  FIRE-CONTROL  SYSTEM 


CONDUCTED  INTERFERENCE  IN  MICROVOLTS 
BEFORE  SUPPRESSION  TECHNIQUES  AND  AFTER 
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by  the  following  installation  difficulties  which  also  point  out  other  important  design 
considerations, 

In  a  fighter  installation,  two  troublesome  sources  of  radiated  interference  were 
the  antenna  spin  motor  and  the  thyratrons  in  the  antenna  drive-motor  circuits.  The 
spin-motor  incorporated  a  current  -  interrupting  governor,  the  contacts  of  which 
^  proved  to  be  an  efficient  interference -gene  rating  device  -  affecting  the  liaison  and 

intercommunication  equipment.  Another  motor  was  tried  and  while  commutator 
interference  was  higher  than  in  the  original  model,  the  interference  pick-up,  when 
installed,  was  negligible.  Apparently,  the  type  of  interference  from  the  second  motor 
(commutator)  was  more  easily  suppressed  than  in  the  original  model.  Proper  original 
(  motoii^  design  would  have  eliminated  the  need  for  modification  (see  Paragraph  3. 2. 1.1 

*  on  Rotating  Machinery). 

The  thyratrons  fed  into  a  changing  load  and  standing  waves  were  unavoidable 

*  on  the  leads  from  the  thyratrons  to  the  antenna  drive  motors.  Thyratrons,  a  non¬ 
linear  device,  also  produce  steep  wave  fronts  and,  consequently,  are  rich  in  harmon¬ 
ics.  External  fixes  to  suppress  interference  originating  from  thyratrons  would  in¬ 
clude  shielding ,  bonding,  and  filtering  of  l-?ads  carrying  the  interference.  Internally 
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suppressor  circuits  such  as  resistance-capacitance  and  inductance-capacitance  com¬ 
binations  should  be  installed  as  close  to  the  thyratrons  as  possible.  When  equipment 
is  designed  that  includes  the  use  of  thyratrons,  consideration  should  be  given  to 
tbeir  interference  characteristics,.  Ma>:lmum  isolation,  most  efficient  shielding, 
suppressor  circuits,  careful  routing  of  leads,  should  all  be  included  in  original  equip¬ 
ment  design. 

In  another  typical  installation,  ’’noise ’’clicks  occurred  in  the  intercommunica- 
tbm  amplifier  during  radar  sceuming.  The  clicks  were  a  result  of  ihe's  witching  action 
of  the  relays  controlling  the  antenna-drive  motors.  Shielding  of  the  drive-motor  cir¬ 
cuit  leads  from  the  antenna  to  the  radar  control  and  from  the  antenna  to  the  operator’s 
indicator  was  necessary.  The  gener  al  effect  of  the  shielding  was  to  reduce  the  maxi¬ 
mum  interference  values  about  50  to  90  percent,  at  which  level  the  clicks  became 
barely  perceptible.  The  most  efficient  way  would  be  to  incorporate  a  resistance - 
capacitance  circuit  across  the  relay  suppressing  the  clicks  at  the  source,  and  elim¬ 
inating  the  need  for  heavy  and  expensive  shielding  of  external  wiring. 

3.  3.  1. 12  GUN-LAYING  RADAR  SYSTEM 

A  gun-laying  radar  system  is  a  light-weight  equipment  used  for  tail  protection; 
of  bombers.  It  operates  in  the  microwave  region  and  can  perform  the  function  of 
’’searching’’  and  ’’tracking”  at  the  selection  of  the  operator.  It  is  similar  to  the  fire 
control  system,  also  discos sed  in  this  section,  except  that  gun  laying  works  with  a 
turret  while  a  fire  control  system  operates  in  conjunction  with  fixed  guns.  Space 
consideration  would  not  be  as  much  of  a  factor  in  a  bomber  installation  and  would 
make  possible  grouping  of  units  and  elimination  of  interconnecting  wiring.  The  prin¬ 
ciples  of  good  design  incorporated  in  this  system  would  be  applicable  to  the  system 
discussed  previously*  The  system's  sssentiais  are  the  sstme.  Gun-laying  radar 
sets  include  six  major  assemblies:  The  radar  central  (with  a  number  of  sub-assem¬ 
blies),  the  RE  unit,  the  antenna,  the  indicator,  the  radar  junction  box  and  the  indi¬ 
cator  junction  box. 

This  system  is  unusual  in  that  interference  suppression  was  included  in  the 
origineil  design  as  contrasted  to  the  equipment  discussed  previously.  On  the  first 
developmental  model,  without  considerationfor  interference  suppression,  high  levels 
of  both  conducted  and  radiated  interference  were  measured.  As  discussed  in  other 
radar  systems,  the  modulator  was  the  main  source  of  interference.  In  this  instal¬ 
lation,  it  generated  high-voltage,  short  pulses  supplied  through  a  pulse  cable  to  the 
RF  unit.  High  levels  of  conducted  noise  were  measured  on  the  thyratron  and  recti¬ 
fier  transformer,  AC  power  leads,  the  plate  power  lead,  and  the  common  (filament 
and  plate)  AC  power  leads. 

A  systematic  study  of  the  developmental,  model  was  conducted  with  the  objec¬ 
tive  of  building  a  second  model  which  would  include  good  design  practices  pertinent 
to  interference  suppression. 

The  modulator,  a  potential  source  of  interference  in  any  radar  system,  was 
completely  redesigned  with  the  U-shape  layout  changed  to  a  rectangular  design  with 
the  tubes  and  transformer  in  separate  seeded  compartments  filled  with  insulating  oil. 
This  insulating -oil  technique  did  not  prove  a  practical  one  because  of  maintenance 
difficulties.  In  order  to  replace  the  oil  after  any  repair  work,  it  was  necessary  to 


3  -  162 


3.3. 1.  12 


GUN -LAYING  RADAR  SYSTEM 


prevent  any  air  bubbles  or  moisture  from  getting  into  the  compartment  which  proved 
to  be  a  difficult  task.  Solid  copper  shielding  was  used  on  all  wiring  coming  from  the 
transformer  compartment.  Ceramic  capacitors  (0.001  pf)  were  used  from  each  ter¬ 
minal  to  ground.  The  filament  and  plate  transformer  were  electrostatically  shielded. 
Filters  were  installed  in  the  filament  supply,  plate  supply,  115-volt  AC  lines,  Tin- 
foil  gaskets  were  placed  under  the  covers  in  the  transformer  and  tube  compartments. 
Components  and  leads  were  rearranged  within  the  modulator  to  isolate  high  pulse 
currents  from  power  leads  and  power  supply  components.  As  a  result  of  this  re¬ 
design,  the  weight  of  the  modulator  was  increased  from  18  to  24  lbs;  however,  by 
the  use  of  more  compact  design,  the  dimensions  remained  about  the  same. 

The  pulse  cable  from  the  mod'oiafor  to  the  RF  unit  is  a  frequent  source  of  in¬ 
terference  due  to  leakage.  This  leakage  can  be  caused  by  inadequate  shielding  prop¬ 
erties  of  the  cosixial  cable,  or,  mere  commonly,  from  poor  shielding  continuity  of 
the  plug-cocixial  connection.  In  this  equipment,  special  plugs  were  designed  to  min¬ 
imise  this  leakage.  It  was  found  that  by  using  a  cable  with  its  shield  composed  of 
four  layer  s  of  braid,  a  reduction  of  the  residual  interference  from  peaks  of  50  micro¬ 
volts  to  less  than  10  microvolts  could  be  obtained. 

The  RF  unit  incorporated  design  features  to  minimize  interference  generation 
as  follows;  The  pulse  transformer  and  the  magnetron  were  built  into  one  unit.  The 
magnetron  section  of  this  unit  was  pressure -sealed  while  the  pulse  transfornciicr  sec¬ 
tion  was  Gil'.t3iled  and  sealed.  Special  leakage-proof  connectors  were  used  for  the 
triggering  pulse.  Filters  were  added  t©  the  blower  motor,  relay  bus,  and  two  in  the 
secondary  of  the  filament  transformer. 

In  the  synchronizer,  all  pulse  cables,  e,g, ,  gating,  timing,  ranging,  etc,,  over 
three  inches  long  were  shielded  or  rerouted  to  eliminate  possible  coupling  into  "clean" 
leads . 

Two  capacitor  filters  were  added  to  the  primary  power  sources  in  the  radar 
central,  one  in  the  DC  supply  and  one  in  the  400-cycle  supply.  A  7 -ampere  filter 
was  added  to  the  27-volt  lead  in  the  radar  junction  box.  One  filter,  in  each  of  the 
three  regulated  power  supply  leads,  315,  150,  300  volts,  is  located  in  the  radar  cen¬ 
tral  mounting  rack. 

In  the  radar  junction  box,  the  wires  on  the  terminal  board  were  rearranged  to 
avoid  pick-up  from  adjacent  terminals.  Harnessing  was  rearranged  and  some  shield¬ 
ing  provided  for  high -impedance  lines.  Resistance«.capacitance  filters  were  placed 
across  microswitches  (see  Figure  3.3. 1.ll-C)  with  shielded  leads  to  the  filters. 
Two  of  the  switches  were  redesigned  to  provide  low-impedance  paths  to  ground  from 
the  switch  terminals  when  they  are  not  in  active  use. 

Suppression  measures  were  taken  on  all  "noise"  motors  in  the  system.  Con¬ 
stant  armature -current  DC  motors  were  used  for  scanning  andspinning;  with  the  use 
of  filters  cjnd  the  grounding  of  the  negative  lead,  interference  was  reduced  to  well 
within  specification  limits.  Three  0.25  pf  filter  capacitors  were  used  in  each  pair 
of  servo  motors.  See  Figure  3.  3.  1.  11-D. 

To  suppress  interference  above  15  me,  two  small  coils  of  1  to  2  ph  wersplaced 
in  series  with  the  armature  and  two  O.OOi  pf  capacitors  were  placed  across  the  brushes. 
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All  leads  over  2"  long  are  shielded 


Fig.  3,  3. 1. 11>C  Filtering  Arrangement  for  Microswitches 
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Volts 

Fig.  3.3. 1. 11«D  Filter  for  Servo  Motors  Above  15  MC 
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Fig.  3.3, 1,  il-E  Filter  for  Motor-Control  Relay 
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To  save  space,  each  coil  was  wound  around  a  capacitor  and  the  assembled  filter 
placed  within  the  motor  casing.  Blower  motors  were  all  filtered  as  close  to  the 
motor  as  possible  with  adequate  grounding  provided. 


A  filtering  arrangement  was  considered  for  the  motor-control  relays.  See 
-  igure  3.  3.1.il~E,  While  this  arrangement  was  satisfactory  in  its  suppression 
characteristics,  space  limitations  prevented  its  use,  (See  Paragraph  3.  2. 3,  3  on 
Relays. ) 


All  leads  two  inches  long  or  longer  showing  70  microvolts  or  more  of  conducted 
interference  were  shielded  when  possible.  Pulse -carrying  leads  merited  special 
attention  to  avoid  affecting-the  pulse  shape;  low-capacity  shielded  leads  were  used 
when  necessary.  All  servo  motor  leads  were  also  shielded.  Non-shieided  high  im¬ 
pedance  leads  were  by-passed  to  ground  by  capacitors. 


Careful  consideration  was  given  to  adequate  grounding  throughout  the  system. 
It  was  found  that  anodizing,  usually  specified  for  aluminum  parts,  produces  an  in- 
sulatingfilm  which  interferes  with  proper  grounding  techniques.  The  following  pro¬ 
tective  coatings  are  recomniended  as  substitutes  for  anodizing:  chrom- aluminum, 
zincate  process,  caustic  dip  and  zinc  plate. 


The  total  weight  increase,  emphasizing  internal  modifications,  amounted  to 
approximately  10  IbSi,  It  is  estimats^d  that  if  jthese  internal  preventitive  measures 
had  not  been  taken,  the  increase  in  weight  for  shielding  of  interconnecting  Vyiring 
alone  would  have  been  in  excdss  of  50  lbs.  Furthermore,  the  interference  suppres¬ 
sion  measures  incorporated  in  this  system  do  not  take  advantage  of  all  present  day 
approved  techniques:  e.  g, ,  the  miniaturisation  ol  suppression  devices  which  would 
have  eliminated  some  of  the  discussed  difficulties  encountered  in  the  design. 


3.3,2  ELECTRICAL  systems 


Electrical  systems  are  primarily  generators  of  interference  transients  and 
fields  as  a  result  of  the  operation  of  the  electrical  components  of  each  system.  With¬ 
out  the  appUcation  of  any  suppression  techniques,  interference  would  be  conducted 
and  inductively  or  capacitively  coupled  to  electronic  systems  throughout  the  aircraft. 
In  general,  an  attempt  should  be  made  to  suppress  the  interference  generated  by  com¬ 
ponents  svt  the  source.  This  involves  improved  mechanical  design  of  the  component, 
adequate  shielding,  filtering  and  bonding.  Since  it  is  not  always  feasible  or  practical 
to  adequately  filter  all  '*noisy"  components,  some  interference  is  conducted  through 
the  interconnecting  wiring  and  couples  into  the  electronic  systems.  FUtering  or 
shielding  at  points,  such  as  junction  boxes,  may  be  sufficient  to  eliminate  these 
coupling  paths.  Particular  attention  should  be  paid  to  the  routing  of  interconnecting 
wires  of  each  system  so  that  "clean"  leads  are  not  bundled  with  "noisy"  leads  or 
routed  near  strong  pulse  or  harmonic  generators.  Analysis  of  these  electrical  sys¬ 
tems  generally  serves  to  illustrate  the  type  and  location  of  interference -generating 
components  to  permit  logical  references  to  those  paragraphs  wherein  the  components 
are  considered  in  detail  for  source  suppression.  Thus  these  electrical  systems  serve 
to  incorporate  information  available  from  interference  checks  on  military  aircraft 
as  to  the  types  of  equipment  generally  responsible  for  the  production  of  interference. 
The  following  paragraphs  describe  typical  installations  to  point  out  some  of  the  gen¬ 
eral  considerations. 
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3. 3.  a,  1  AC  AND  DC  POWER  SYSTEMS 


Modern  military  aircraft  are  controlled  and  operated  largely  through  the  use 
of  the  many  electrical  and  electronic  systems  installed  in  the  aircraft,  A  typical 
medium  or  heavy  bomber  would  contain  the  following  electronic  systems;  (1)  HF 
Command,  (2)  Homing,  (3)  IFF,  (4.)  Interphone,  (5)  Liaison,  (6)  Localizer  and  Glide 
Path,  (7)Loran,  (8)  Shoran,  (9)  Marker  Beacon,  (10)  Navigational  Radar,  (11)  Search 
Radar,  (12)  Radio  Altimeter,  (13)  Radio  Compass,  (14)  VHF  Command,  and  (15) 
Jamming  Equipment;  in  addition,  the  following  electrical  systems  would  generally 
he  installed:  (1)  Auto -Pilot,  (2)  Flight  Instruments,  (3)  CabinHeating  and  Ventilation, 
(4)  Interior  and  Exterior  Lights,  (5)  Fire  Detector,  (6)  Fuel  Booster  Pumps,  (7)  Fuel 
(8)  Tachometer,  (9)  Operational  Indicators  and  Engine  Instruments,  (10)  Pro¬ 
peller  Feathering,  Unfeathering,  Reversing,  and  RPM  Control,  (11)  Propeller  De- 
Icer,  (^)  Trim  TabControls,  (13)  Windshield  Anti-Icer,  (14)  Wing  and  Tail  Surface 
De-Icer,  and  (15)  Aileron,  Rudder*  and  Elevator  Controls.  The  electrical  energy 
required  to  power  these  systems  is  supplied  by  common  AC  amd  DC  power  circuits . 
This  provides  a  means  for  introducing  interference  signals  from  either  power  system 
into  any  electronic  system  as  well  as  a  common  path  between  any  of  the  electrical 
or  electronic  systems  in  the  aircraft. 


The  aircraft  ignition  system  is  not  interconnected  with  other  electrical  sys¬ 
tems.  An  isolated  ignition  circuit  complete  with  power  source  is  provided  for  each 
engine.  This  precludes  the  possibUiity  of  conductive  coupling  of  interfering  signals 
out  of  the  ignition  system  during  operation.  A  conductive  path  for  interfering  sig¬ 
nals  into  the  DC  power  system  exists  when  induction  boosters  are  used  for  starting. 
This  power  is  usually  broken  by  the  starting  relay  after  the  engines  are  started.  How¬ 
ever,  there  is  a  strong  possibility  for  inductive  or  capacitive  coupling  and  r  adiation 
from  the  system  wiring.  Interference  problems  peculiar  to  ignition  systems  are 
treated  in  Paragraph  3.  3. 2. 4. 


A  typical  ignition  system  is  shown  in  Eigure  3,3=C  by  broken  lines  to  illustrate 
the  compactness  of  the  ignition  system  and  at  the  same  time  point  out  the  possible 
paths  for  interference  signals  to  gain  access  to  the  other  aircraft  systems. 

In  general,  a  typical  AC  power  circuit  would  consist  of  the  following  components: 
(1)  Bus  Bars,  (2)  Voltage  and  Power  Selector  Switches,  (3)  Alternators,  (4)  AC  Volt¬ 
meters,  (5)  Compensating  Condenser,  (6)  Voltage -Ad jus  ting  Rheostats,  (7)  AC  Volt¬ 
age  Regulators,  (8)  Circuit  Breakers,  (9)  Inverters,  (10)  Junction  Boxes,  (11)  Con¬ 
trol  Panels,  (12)  Various  Plugs,  Receptacles  and  Interconnecting  Cables,  and  (13) 
Fluorescent  Lights.  A  typical  AC  power  circuit  installation  is  illustrated  in  Figure 
3.3 -C.  This  diagram  shows  the  approximate  location  of  the  various  electromc  sys-;- 
terns  and  how  these  systems  are  interconnected  through  their  power  leads  in  the  air¬ 
craft.  The  AC  power  cables  are  represented  by  broken  lines  (dashed). 


A  typical  DC  power  circuit  would  consist  of  the  following  components;  (1)  DC 
Generators,  (2)  Batteries,  (3)  Bus  Bars,  (4)  Generator  Ammeters,  (5)  Battery  Am¬ 
meters,  (6)  Voltmeters,  (7)  Voltage  Selector  Switch,  (8)  Circuit  Breakers,  (9)  In¬ 
ternal  and  External  Lights,  (10)  Voltage  Regulators,  (11)  Relays,  (12)  Condenser, 
(13)  Connector  Boxes,  (14)  Control  Panels,  and  (15)  Various  Plugs,  Receptacles  and 
Interconnecting  Cables.  The  majority  of  electrical  actuators  and  servos  are  ener¬ 
gized  by  the  DC  source.  A  number  of  such  devices  arc  shown  in  Figure  3,3 -C.  This 
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diagrcuii  illustrates  the  relative  locations  of  the  various  electrical  systems  and  how 
these  systems  are  conductively  linked  to  the  electronic  systems  through  their  re¬ 
spective  power  leads.  Direct  conductive  links  bet’^reen  the  various  DC  electrical 
systems  generally  occur  in  the  junction  boxes,  circuit  breakers,  and  control  panels. 
Since  in  many  typical  installations  the  aircraft  generators  are  AC-DC,  a  possible 
conductive  path  also  exists  bebveen  the  electrical  and  electronic  systems.  The  AC- 
DC  generators  frequently  utilize  the  same  coil  witiidings  for  each  external  system. 
A  commutator  is  provided  to  rectify  the  induced  alternating  voltage  for  the  DC  sys-» 
tern  and  slip  rings  are  provided  for  the  AC  system.  Some  isolation  effect  is  obtained 
through  the  use  of  separate  power  supplies  for  the  various  systems,  i,  e. ,  dyna- 
motors,  inverters,  etc.  Bundling  of  the  power  cables  with  other  system,  wiring  in¬ 
troduces  the  possibility  of  inductive  or  capacitive  coupling  of  interfering  signals  from 
one  system  to  another.  The  DC  power  circuits  are  represented  by  solid  lines. 

The  functioning  of  the  power  systems  is  not  impaired  by  the  presence  pf  inter¬ 
fering  signals  along  the  power  cables  or  In  the  system  components.  However,  a 
great  number  of  interference  difficulties  have  been  traced  to  the  location,  routing, 
shielding,  etc.  of  the  power  cables.  These  troubles  are  primarily  caused  by  other 
systems  coupling  interfering  signals  into  the  power  lines  and  eventually  introducing 
these  signals  into  the  various  receivers  in  the  aircraft .  The  generators,  regulators, 
and  relays  used  in  the  power  systems  are  possible  sources  of  interference.  The 
design  considerations  applied  to  aircraft  components  for  minimum  generation  of  in¬ 
terference  are  discussed  in  Pax  ag.r«ph  3. 2  of  this  book. 

3.  3.  2. 2  PROPELLER  SYSTEMS 

Propeller  systems  are  potential  and  actual  sources  of  Tadio  interference  be¬ 
cause  they  contain  electrical  and  electronic  equipment  and  circuits.  This  is  true 
regardless  of  whether  the  propeller  is  of  the  electric  or  the  hydraulic  type  since 
eiectricalmeans  are  employed  to  accomplish  the  following  diverse  functions  in  pres¬ 
ent-day  designs  of  propeller  systems: 

(a)  Propeller  Control 

(1)  Speed  control 

i.  Reciprocating  engines 
ii.  Turbo-prop  engines  ^ 

(2)  Synchronization 

i.  Speed  synchronization 
ii.  Phase  synchronization 

(3)  "Beta”  operation  (primarily  in  turbo-prop  applications)* 

(4)  Reverse-pitch  operation  (primarily  in  reciprocating  engine  applica¬ 
tions) 

(5)  Feathering 

i.  Manual  initiated 

ii.  Automatic  type 

(6)  Remote  control  of  speed  settings  of  governors  and  synchronizers, 

(b)  Propeller  de-icing 

— — 

*In  "beta"  operation,  the  pilot  has- direct  control,  through  manual  operation  of 
the  lower  lever,  of  the  propeller  blade  angle.  This  type  of  operation  is  used  for  taixi- 
ing  and  other  ground  handling  as  well  as  reverse-pitch  operation  for  ground  brciking. 
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(c)  Propeller  blade«angle  (beta-angle)  indication, 

(d)  Electrical  lamp  indication  of  propeller  operations. 

Basically  the  problem  of  radio  interference  prevention  on  such  equipment  is 
the  same  as  for  other  aircraft  equipment  and  the  same  principles  and  practices  might 
be  expected  to  apply.  Such  equipment,  incidental  to  its  basic  operation,  generates 
rapidly  changing  currents  and  voltages.  A  certain  amount  of  coupling  exists  in  the 
aircraft  due  to  the  proximity  of  equipment  in  the  necessarily  close  confines.  This 
coupling  comes  from  two  principal  sources: 

(a)  Use  of  common  power  system  and  battery  for  both  the  propeller  and  the 
radio  and  electronic  equipment,  and 

(b)  Mutual  inductance  between  propeller  udring  and  antenna  lead-ins  of  radio 
equipment. 

Two  factors  seem  to  distinguish  propeller  systems  from  other  sources  of  radio  in¬ 
terference  in  aircraft: 

(a)  The  current  values  used  are  very  high,  particularly  on  28-volt  DC  sys¬ 
tems,  and  normal  operation  involves  continual  switching  on  and  off  of  such 
currents.  From  a  weight  penalty  standpoint,  the  margin  of  error  in  the 
direction  of  supplying  a  generous  amountofsuppression  filtering  is  narrow. 

(b)  Many  important  sources  of  interference  in  propeller  systems  produce  in¬ 
terference  of  the  click-  or  puise-type  of  low  and  very  low  repetition  rats. 
This  situation  is  illustrated  in  Figure  3.3.2.2-A.  The  practical  result  is 

;  to  create  a  difficult  problem  in  measurement  technique. 
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Fig,  3,3,  2,2-A  Approximate  Repetition  Rate  of  Important 
Sources  of  Radio  Interference  of  the  Click  or  Pulse  Type 
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The  present  specified  measuring  set-up  prescribes  two  standard  service  re¬ 
ceivers.  It  also  involves  the  use  of  a  cathode -ray  oscilloscope  as  an  indicating  in¬ 
strument  rather  than  a  D'Arsonval  meter  used  in  conventional  noise  meters.  The 
reason  for  this  approach  lies  in  the  wide  range  of  so-called  repetition  rates  which 
are  involved  In  the  types  of  interference  that  are  produced  by  propeller  circuits  as 
shown  in  Figure  3.  3.  2.  2- A.  Particular  note  should  be  paid  tothelov/  values  of  repe  ¬ 
tition  rates  involved  in  the  pt,ilse-type  '*noise"  produced  by  many  propeller  control 
systems  and  she  very  low  values  for  certain  types  of  de-icing  timers.  This  inter¬ 
ference  is  primarily  a  series  of  clicks  or  pops  wdth  "clear*'  places  between. 

Sources  of  interference  in  propeller  systems  may  be  found  in  (a)  pitch  change 
motors,  (b)  pitch  change  solenoids^  (c)  slip  rings,  (d)  governors,  (e)  synchronizers, 
(f)  de-icing  timers,  (g)  de-icing  relays*  (h)  inverters,  and  (i)  the  various  switch¬ 
ers  and  contactors.  Many  of  these  items  can  readily  be  seen  illustrated  in  Figure 
3.3,  2,  2-B.  Such  equipment,  incidental  to  its  basic  operation,  generates  rapidly 
changing  currents  and  voltages. 

A  certain  amount  of  coupling  exists  in  aircraft  due  to  the  proximity  of  equip¬ 
ment  in  the  necessarily  close  confines.  This  coupling  can  come  from  two  principal 
sources:  (a)  use  of  common  power  system  and  battery  for  both  the  pjropeller  and 
the  radio  and  electronic  equipment,  and  (b)  mutual  inductance  between  propeller 
wiring  apd  antenna  lead-ins.  See  Figure  3.  3.  2.  2-C. 


Fig.  3.  3.  2.  2-C  Propeller  Control  Diagram 
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Es^jerience  shows  that  it  as  difficult  to  add  radio-interference  suppression 
devices  after  propeller  designs  are  complete.  "For  that  reason,  it  is  far  better  to 
design  the  equipment  correctly  to  begin  with.  Practical  methods  of  prevention  in¬ 
clude:  (a)  use  of  non-electrical  and  non-electronic  methods  of  operation  in  propeller 
equipment,  {h}  where  electrical  equipment  is  used,  arrange  the  equipment  so  that 
circuits  involving  rapid  changes  of  large  currents  are  placed  out  in  the  engine  na¬ 
celles  rather  than  in  the  fuselage  and  particularly  not  near  the  radio  equipment,  (c) 
incases  where  propeller  equipment  is  to  be  powered  from  a  common  electricsi  sys¬ 
tem  with  the  radio  gear,  provide  effective  filtering  in  the  power  leads,  and  (d)  incases 
where  propeller  equipment  containing  interference  sources  is  to  be  installed  near 
radio  equipment,  provide  adequate  shielding  containers  for  the  propeller  equipment 
and  filter  ail  leads  from  the  equipment. 

The  filtering  of  leads  from  interference  sources  in  propeller  equipment  re- 
qmres  the  use  of  the  following  components:  (a)  capacitors,  (b)  inductors,  and  (c) 
transient  suppressors  of  the  following  types:  (1)  dry-plate  rectifiers  (magnesium 
copper  sulfide),  (2)  point  rectifiers  (germanium),  (3)  non-linear  resistors  of  the 
•'Globar'*  or  '’Thyrite”  type,  (4)  gaseous  discharge  tubes,  (5)  vacuum  tubes,  and  (6) 
resistor-capacitor  networks.  Capacitors  find  tmiversal  application  across  lines 
from  interference  sources  as  suppressors;  they  are  particularly  effective  on  DC 
motors  and  generators.  Addition  of  an  inductor  between  the  capacitor  and  relay 
contact  makes  an  effective  combination  in  suppressing  relay  and  contactor  interfer¬ 
ence.  Additional  inductors  in  series  and  capacitors  in  shunt  can  be  used  in  the  form 
of  radio -interference  filters  for  further  suppression.  For  filtering  to  be  adequate 
it  must  be  supplemented  by  the  use  of  shielding  containers.  Proper  shielding  involves 
the  use  of  metallic  (not  necessarily  magnetic)  boxes  and  containers  that  are  free  of 
openings  and  non-conducting  joints.  Size  and  shape  should  be  as  required  for  the 
propeiier  equipment.  The  design  techniques  for  shields  and  joints  are  discussed  in 
Paragraphs  1.8.2,  3.1.  2,  and  Appendix  XVI  of  this  book. 

The  designer  must  be  guided  by  experience  in  the  amount,  type,  and  extent  of 
filtering  and  shielding  to  use.  The  final  criterion  is  that  the  propeller  equipment 
Capsc  no  interference  in  the  radio  and  electronic  gear  in  the  actual  aircraft  instal¬ 
lation,  , 

There  are,  however,  obvious  practical  disadvantages  to  waiting  until  equip¬ 
ment  is  installed  in  the  aircraft  before  being  able  to  determine  radio-iiiterference 
performance.  The  answer  to  this  difficulty  has  been  to  set  up  test  specifications 
setting  forth  the  procedures,  measuring  equipment  and  maximum  allowable  limits 
to  be  used  in  determining  the  radio-interference  performance  of  electrical  equip¬ 
ment  for  aircraft.  Propeller  equipment  has  received  its  share  of  attention  in  this 
effort. 


The  thought  in  setting  up  a  radio-interference  specification  for  propeller  equip¬ 
ment  has  been  to  provide  the  mmufacturer  with  a  guide  as  to  how  good  to  make  his 
equipment.  The  expectation  is  not  that  equipment  meeting  such  a  test  will  never 
cause  interference  when  installed;  the  range  of  variables  involved  is  too  great  for 
that.  Rather,  equipment,  when  passed,  can  be  expected  to  cause  interference  in  less 
than  about  10  percent  of  actuad  cases.  These  latter  problems  could  then  be  handled 
individually.  Vforking  that  close  to  the  margin  requires  good  test  equipment  and 
procedures  together  with  maximum  allowable  limits  founded  on  a  sound  basis. 
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In  this  connection,  it  may  be  helpful  to  review  the  general  basis  upon  which 
future  plans  are  foimded.  This  envisages  that  a  radio-interference  survey  will  be 
made  as  part  of  the  type  test  of  each  new  propeller  design.  This  approach  would  be 
analogous  to  the  use  of  vibratory- stress  surveys  on  new  designs.  Indeed,  it  is  be¬ 
lieved  that  the  radio-interference  survey  can  be  conducted  just  before  or  just  after 
the  vibration  study.  The  type  test  approach  was  chosen  rather  than  a  production 
inspection  method  because  of  conditions  which  exist  in  the  propeller  industry.  Pro¬ 
duction  methods  in  the  industry  are  such  that  while  operational  checks  are  continually 
made  of  components  of  propeller  systems,  very  seldom,  if  ever,  are  complete  set¬ 
ups  made  during  production  of  systems  to  check  operation  prior  to  installation  on 
the  airplane.  In  many  cases  new  designs  of  propeller  systems  consist  of  only  minor 
changes  from  previous  designs  or  consist  of  changes  of  a  mechanical  or  similar 
nature  not  usually  affecting  the  radio- interference  performance  of  the  system.  It 
is  believed  that  if  a  system  has  been  once  tested  for  radio  interference  and  found 
satisfactory,  approval  can  be  granted  on  various  modifications  of  the  system  with¬ 
out  costly  retesting  of  each  modification.  A  similar  procedure  is  currently  used  in 
handling  vibratory  stress  approval  on  propellers  differing  in  minor  detail  from  a 
previously  tested  and  approved  design.  In  this  connection,  attention  of  contractors 
is  directed  toward  Specification  MIL-P-5449,  Amendment  1,  requiring  the  furnish- 
hiff  with  the  propeller  installation  model  specification  of  detailed  data  on  the  radio- 
interference  suppression  provisions. 

Two  alternative  forms  for  the  type  test  are  prescribed;  (a)  engine  tests,  and 

(b)  bench  tests. 


The  engine  test  procedure  is  to  be  used  for  testing  ail  propeller  systems  and 
equipment,  the  radio  interference  from  which  can  reasonably  be  expected  to  be  in¬ 
fluenced  by  engine  rotation,  vibration  and  propeller  power  loading.  Such  effects 
can  be  expected  in  systems  involving  such  items  as;  (a)  electrical  current-carry¬ 
ing  slip  rings  in  the  hub  or  on  the  blades,  (b)  engine-mounted  propeller  governors, 
and  (c)  pitch- changing  mechanisms  of  an  electrical  nature, 

f 

The  bench  test  procedure  is  to  be  used  for  testing  all  propeller  systems  and 
eqviipment  the  radio  interference  from  which  can  be  expected  to  be  unchanged  in 
magnitude  by  the  presence  or  absence  of  engine  vibration  or  propeller  power  load¬ 
ing.  Typical  examples  of  such  equipment  are;  (a)  blade-angle  indicators  involving 
use  of  AC  selsyns  powered  by  400  cps  inverters,  and  (b)  de-icing  system  using  hub- 
mounted  generators  together  with  a  timer. 


Manufacturers  of  propellers  and  propeller  components  are  cautioned  that  it 
is  the  practice  of  the  services  to  follow  up  all  complaints  of  interference  and  to  re¬ 
quest  modifications,  where  required,  of  propeller  equipment.  Responsibility  for 
performing  tests  to  check  compliance  of  such  equipment  with  applicable  radio-in¬ 
terference  specification  lies  with  the  group  having  jurisdiction  over  the  equipment. 
All  questions  of  compliance,  test  methods,  and  equipment  design  should  be  referred 
to  the  group,  laboratory,  etc.,  having  jurisdiction  over  the  equipment.  In  the  typ¬ 
ical  case  of  the  USAF,  the  group  having  jurisdiction  over  propeller  equipment  is  the 
Propeller  Laboratory,  Aeronautics  Division,  Headquarters,  WADC,  Wright-Pat- 
terson  Air  Force  Base,  Ohio, 
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3.  3.  2.  3  AUTOMATIC  PILOT 

An  Automatic  Pilot  is  generally  an  electromechanical- electronic  system  de¬ 
signed  to  provide  automatic  control  of  airplane  surfaces  to  maintain  a  predeter¬ 
mined  course  of  flight.  The  plane  is  stabilized  on  longitudinal,  lateral,  and  ver¬ 
tical  axes  v/ith  minimu  n  angular  displacement  and  accelerations  in  any  axis.  Man¬ 
ual  control  of  the  Automatic  Pilot  to  accomplish  dives,  climbs,  and  coordinated 
banking  turns  through  wide  limits  is  provided. 

The  components  of  a  typical  system  include;  (1)  Flight  Control  Rate  Gyros, 
(2)  Directional  Panel,  (3)  Turn  and  Pitch  Controller,  (4)  Turn  Control  Transfer 
Switch,  (S)  Three  Servo  Motors,  (6)Multiple  Channel  Amplifier,  {7)Calibrator  Unit, 
(8)  Mounting  Chassis,  |9)  Amplifier,  (10)  Turn  Controller,  (11)  Formation  Sticks  , 
(12)  Interconnecting  Cabling,  (13)  Flight  Control  Vertical  Gyro,  and  (14)  Gyro  Di¬ 
rectional  Stabilizer. 

In  a  typical  installation,  in  a  bombardment  type  aircraft  as  shown  in  block 
form  in  Figure  3.  3.  2,  3-  A,  the  control  mechanisms  which  include  Turn  Control 
Transfer  Switch,  the  Turn  and  Pitch  Controller,  and  the  Formation  Sticks  would  be 
readily  accessibie  to  both  pilot  and  co-pilot.  The  Directional  Panel  is  installed  in 
the  bombardier’s  compartment  to  be  used  in  conjunction  with  the  bomb- sight,  for 
flight  control  during  bombing  runs.  The  chassis  equipment  assembly,  which  includes 
vertical  and  rate  gyros,  calibrator,  and  amplifier  mounted  in  a  tray,  is  installed 
for  &sse  of  maintenance.  The  three  servo  motors  are  installed  close  to  the  control 
surfaces  and  are  connected  to  the  amplifier  with  lengths  of  electrical  cable. 


This  Automatic  Pilot  operates  on  the  principle  of  the  balanced  bridge.  A  bal¬ 
anced  bridge  is  provided  for  of  the  three  axes:  aileron,  raddnr,  and  eievator , 
When  any  one  of  these  bridges  ta  unbalanced  by  a  signal  from  any  one  of  the  gyros, 


formation  sticks,  remote  control,  or  turn  and  pitch  controllers  a  relay  switch  in 
the  amplifier  activates  the  appropriate  servo  to  position  the  control  surface  to  a 
predetermined  or  new  setting.  The  process  is  one  of  continuous  correction  with 
subsequent  continuous  operation  of  the  relays  signalling  the  servos.  The  rate  of 
the  corrective  response  is  regulated  by  the  calibrator. 


The  Automatic  Pilot,  by  the  nature  of  the  components  necessary  for  its  opera¬ 
tion,  can  be  a  prolific  source  of  radio  interference  to  other  systems  in  an  aircraft. 
The  continuous  operation  of  relays  and  small  motors  generates  interference  over  a 
wide  range  of  frequencies,  and  requires  consideration  in  the^riginal  design  of  such 
equipment.  In  the  original  design  of  the  Automatic  Pilot  under  discussion,  inter¬ 
ference  suppression  was  not  stressed.  Examples  of  poor  interference  suppression 
design  include: 

(a)  Mating  surfaces  were  anodized  preventing  good  ground  and  bond  connec¬ 
tions. 

(b)  Bolts,  nuts  and  washers  were  treated  with  a  corrosion  resistant  com¬ 
pound  which  was  non- conductive  and  contributed  high  impedance  paths  to 
grovmd. 
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(c)  Poor  case  and  internal  shielding  permitted  radiation  and  coupling  of  inter¬ 
ference  into  other  airplane  wiring. 

(d)  Filters  were  used  with  long  unshielded  leads  thus  permitting  radllation  arid 
coupling  of  noise  into  other  wiring. 

(e)  "Noisy"  leads  were  bundled  together  with  "clean"  leads  resulting  in  inter¬ 
ference  appearing  on  most  externai  wiring  and  making  it  difficult  to  apply 
suppressive  measures.  Leads  coming  out  of  filters  were  exposed  to  in¬ 
terference  fields  which  nullified  the  effect  of  the  filter  . 

The  principle  components  of  the  system  from  which  the  interference  would 
originate  includes  the  Calibrator,  Amplifier,  Directional  Panel,  and  Turn  iind  Pitch 
and  Controller, 

The  calibrator  with  its  numerous  relays,  e.g. ,  aileron  engage,  rudder  en¬ 
gage,  elevator  engage,  auto  recovery,  etc,,  proved  to  be  a  prolific  source  of  inter¬ 
ference.  The  aetionof  the  relays  caused  currents  with  steep  wave  fronts  which  re¬ 
sulted  in  radiation  and  coupling  into  other  airplane  wiring.  In  the  original  design, 
suppression  networks  were  not  inGluded  in  the  relay  circuits.  External  filters  were 
inadequately  grounded  and  improperly  located  to  suppress  interference  adequately. 
Shielding  cups  prevented  radiation  from  above;  however,  interference  was  free  to 
radiate  from  beneath  the  relay.  The  calibrator  case  had  poor  shielding  continuity, 
bonding,  and  grounding,  and  permitted  radiation  to  emanate  from  the  case.  It  was 
necessary  to  modify  the  calibrator  internally  to  prevent  it  from  interfering  with 
other  aircraft  equipment, 

. -fe  the  amplifisr  the- six  servO'  relay  switches  were  the  principle  sources;  of 
radio  intarferenee,  It  was  particularly  serious  in  this  component  because  of  the 
long  lengths  of  cabling  to  the  three  servo  motors  which  could  cause  interference  in 
a  considerable  amount  of  airplane  wiring  in  the  original  design.  The  only  recog¬ 
nition  of  the  interference  problem  caused  by  relays  and  their  associated  wiring  took 
the  form  of  inadequately  shielding  each  relay  internally.  Interference  radiated  from 
the  poorly  grounded  shield,  and  transients  in  the  servo  wiring  affected  other  air¬ 
plane  wiring.  Poor  shielding  continuity  and  grounding  of  the  amplifier  ease  also 
permitted  radiated  interference  to  affect  other  circuits. 


In  the  Directional  Panel,  interference  from  the  DC  Arm  Lock  Motor  Commu¬ 
tator  appeared  on  external  interconnecting  wiring  and  was  free  to  radiate  or  couple 
into  other  airplane  wiring.  In  the  original  design,  the  motor  was  shielded  but  the 
leads  were  not  shielded  or  filtered  and  conducted  interference  appeared  on  exter¬ 
nal  wiring. 

The  Turn  and  Pitch  Controller  has  three  direct  current  motors  used  for  rud¬ 
der,  aileron  and  elevator  centering.  In  the  original  installation,  these  motors  were 
individually  shielded  but  no  internal  suppression  measures  were  taken  to  prevent 
the  commutator  interference  from  being  conducted  through  the  shield  by  the  motor 
leads.  These  unshielded  leads  were  bundled  in  with  other  wiring  and  decreased  the 
effectiveness  of  external  filters  of  DC  power  leads.  Coated  surfaces  used  in  mount¬ 
ing  the  motors  did  not  provide  adequate  bonding  and  reduced  the  shielding  effective¬ 
ness  of  the  cases, 

> 
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As  aresult  of  lack  of  adequate  suppressive  measures  used  in  the  design  stages, 
installation  difficulties  were  encountered  with  the  operation  of  the  Automatic  Pilot  in 
a  bomber  installation  because  interference  was  found  on  all  bands  of  the  Liaison 
and  one  of  the  Countermeasures  Receivers.  The  relays  caused  a  rapid  clicking 
noise  in  both  receivers  with  peaks  measured  in  the  range  from  3  to  21  megacycles. 
Since  an  internal  modification  of  the  Automaitic  Pilot  System  was  the  only  practi¬ 
cable  way  to  eliminate  the  interference,  no  installation  "fix"  was  attempted.  In  a 
later  model  of  the  same  type  of  aircraft,  the  interference  from  the  relays  was  re¬ 
duced  to  a  low  level  by  modifications  in  the  Automatic  Pilot;  however,  commutator 
noise,  from  the  Gyro  Torque  motor  in  the  Directional  Stabiliser  and  the  Arm  Lock 
Motor  located  in  the  Directional  Stabiliser  appeared  in  the  same  receivers.  A  "fix" 
was  attempted  by  mounting  a  filter  and  a  4  microfarad  capacitor  near  the  directional 
stabiliser.  The  filter  was  connected  in  series  with  the  28  volt  DC  power  lead  to  the 
gyro  torque  motor.  The  capacitor  was  connected  from  the  torque' motor  side  of  the 
filter  to  ground.  This  "fix"  proved  to  be  successful;  however,  a  similar  configu¬ 
ration  tried  on  the  Arm  Lock  Motor  did  not  remove  the  interference  fr  om  the  Coun¬ 
termeasure  receiver.  The  same  receivers  being  affected  in  both  examples  of  Auto¬ 
matic  Pilot  interference  suggests  that  improvement  may  have  been  possible  in  the 
installation  mock-up  to  eliminate  the  coupling  paths  for  the  interference  to  the  re¬ 
ceivers.  However,  this  does  not  remove  the  premise  that  inadequate  source  sup¬ 
pression  measures  were  taken  in  the  original  design  of  the  Automatic  Pilot. 

In  another  bomber  installation,  the  Automatic  Pilot  interfered  with  the  Ra¬ 
dio  Compass,  Range  and  Liaison  receivers.  The  interference  was  of  three  types: 

(a)  The  continual  or  repeated  pecking  noise  from  the  contacts  of  the  six  ser¬ 
vo  relays.  This  same  type  of  interference  was  evident  also  when  the 
Automatic  Pilot  was  disengaged,  but  the  centering  motors  in  the  control 
panel  were  being  actuated.  A  "fix"  was  attempted  by  using  a  filter  on  the 
load  side  of  each  of  six  servo  relays  but  this  only  reduced  the  noise  and 
did  not  eliminate  it.  Complete  suppression  would  necessitate  modifica¬ 
tion  of  the  Automatic  Pilot. 


(b)  "Clicks"  and  "pops"  appeared  on  all  three  of  the  affected  receivers  when 
the  Turn  Control  was  moved  in  and  out  of  the  detent  position.  Part  of  the 
interference  was  due  to  the  make  and  break  action  of  the  switch  contacts 
at  the  detent  position  during  the  make  and  break  of  the  Arm  Lock  Relay 
coil  circuit.  This  interference  was  particularly  prominent  on  all  except 
the  low  frequency  band  of  the  Liaison  receiver  with  peaks  in  the  range  of 
6  to  9  megacycles,  A  "fix"  was  attempted  by  using  a  l/2  microfarad  me¬ 
tallized  paper  condenser  across  the  switch  contacts.  This  action  effec¬ 
tively  suppressed  this  part  of  the  interference.  The  remainder  of  the  in¬ 
terference  was  caused  by  the  Arm  Lock  Relay  Contacts  actuating  the  Arm 
Lock  Motor.  These  clicks  and  pops  were  the  sharpest  and  most  annoying 
of  the  Automatic  Pilot  interference  and  most  serious  on  the  Radio  Com¬ 
pass  and  Range  Receivers.  To  suppress  this  part  of  the  interference,  a 
filter  was  placed  on  the  load  side  of  each  of  the  three  contacts  that  actu¬ 
ate  the  Arm  Lock  Motor.  A  filter  was  also  placed  in  the  28  volt  power 
lead  to  the  relay. 

(c)  The  occasional  or  intermittent  "clicks"  and  "pops"  due  to  the  Engaging, 
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Anti- engaging,  Transfer,  and  Rudder  Engage  Relays  in  the  Calibrator  Unit 
appeared  on  all  three  receivers.  Suppression  measures  were  not  taken 
on  the  Automatic  Pilot  but  an  attempt  was  made  to  eliminate  coupling 
paths  and  increase  the  rejection  characteristics  of  the  receivers.  The 
radio  compass  antenna  lead-in  was  double  shielded  and  a  l/2  microfarad 
condenser,  400  volts,  DC  rating  was  connected  on  the  400  cycle  power 
lead  of  the  Radio  Compass  to  ground.  Bonding  of  the  Liaison  and  Range 
receivers  was  improved  and  leads  rerouted  when  possible.  This  attenu¬ 
ated  the  interference,  but  did  not  eliminate  it. 

External  filtering  in  this  installation  was  not  satisfactory  because  of  the  lack 
of  circuit  isolation.  Internal  cabling  was  laced  in  large  bundles  with  interference 
coupling  throughout  the  equipment.  To  be  effective,  filter  s  would  have  to  be  applied 
virtually  to  each  individual  wire  of  the  many  wires  coming  out  of  the  units. 

Extensive  modification  of  the  Automatic  Pilot  was  necessary  in  order  to  in¬ 
sure  interference-free  installations  in  aircraft.  The  following  interference-free 
design  techniques  were  applied: 

(a)  Good  bonding  and  grounding  surfaces  were  insured  by  changing  the  ano¬ 
dizing  protective  process  to  cadmium  plate  over  copper  plate  over  zinc 
plate  on  the  aluminum. 

(b)  Non- conductive  protective  coating  was  removed  from  bolts  and  nuts  to 
lower  the  impedance  paths  to  ground  as  discussed  in  Paragraph  3.  1. 2,  7 
of  this  book. 

(c)  Both  internal  and  case  shielding  were  improved  by  new  design  as  well  as 
by  the  previous  improvenxent  of  contact  surfaces  as  discussed  in  Para- 
grapn  j.  A.  6. 

(d)  Filter  ground  leads  were  shortened  and  the  filters  were  relocated  close 
to  the  "noise"  source  with  a  shielded  lead  into  the  Rite r  as  discussed  in 
Paragraph  3.  1.  1. 

(e)  The  internal  circuitry  was  improved  which  resulted  in  better  isolation  of 
interference  sources  and  interference  conducting  leads. 

(f)  Calibrator  relay  contact  surfaces  were  improved  and  the  leads  into  the 
filters  were  shielded  thus  preventing  the  relay  interference  from  coup¬ 
ling  into  other  wiring. 

(g)  Case  shielding  continuity,  bonding,  and  grounds  were  improved  to  pre¬ 
vent  case  radiation. 

(h)  Suppressor  networks  were  installed  inside  the  amplifier  and  connected  to 
the  servo  relays.  These  networks  were  connected  to  the  signal  leads  of 
each  of  six  relays  as  close  to  the  relay  shielded  case  as  possible  and  a 
capacitor  was  connected  across  the  relay  contact  points  to  reduce  the  ef¬ 
fect  of  transients  as  shown  schematically  in  Figure  3.  3.  2.  3-B.  The  re¬ 
lay  shield  was  improved  as  well  as  overall  case  design. 
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(i)  The  Arm  Lock  Motor  in  the  Directional  Panel  was  internally  filtered  with 
a  shielded  lead  into  the  filter.  This  effectively  eliminated  commutator 
interference  by  confining  it  to  its  internal  shield. 

(j)  In  the  Turn  Pitch  Controller,  filters  for  the  three  DC  motors  were  more 
advantageously  located,  provided  with  better  contacts,  and  connected  to 
ground  by  shorter  leads.  Leads  which  conducted  interference  were  shielded 
prior  to  entering  the  filters.  Rerouting  was  accomplished  to  protect  the 
filtered  lead  from  exposure  to  an  interference  field.  Shielding  effective¬ 
ness  of  the  case  W5J.S  improved  by  changing  the  anodizing  to  a  plating  pro¬ 
cess. 


Fig,  3,3,2,  Schematic  Diagram  of  Suppressor  Network 

Up  to  this  point,  the  interference  generating  characteristics  of  the  Automatic 
Pilot  have  been  stressed;  now  the  Automatic  Pilot’s  susceptibility  to  interference 
from  other  systems  in  the  aircraft  will  be  considered. 

Interference  which  entered  the  Automatic  Pilot  System  in  one  particular  in¬ 
stallation  caused  erratic  operation  of  the  control  surfaces,  known  as  "jitter’'.  In¬ 
vestigation  showed  that  the  signal  leads  to  the  servo  units  picked  up  interference 
amd  conducted  it  to  sensitive  circuits  in  the  amplifier  at  which  point  the  circuits  were 
unable  to  distinguish  the  interference  signals  from  the  desired  ones.  By  installing 
a  filter  in  each  of  the  six  signal  leads,  as  close  as  possible  to  the  amplifier,  this 
interference  was  effectively  eliminated.  Routing  the  servo  motor  signal  leads  away 
from  interference  fields  may  possibly  eliminate  the  need  for  these  filters;  however, 
owing  to  the  long  lengths  of  cable  necessary,  filters  may  be  the  simplest  way  to 
eliminate  this  as  an  installation  problem.  Interference  from  other  systems  has  not 
been  a  major  problem  in  the  operation  of  the  Automatic  Pilot  in  this  installation. 

However,  interference  from  other  systems  in  the  aircraft  has  been  a  major 
problem  in  another  type  of  Automatic  Pilot  System  and  a  brief  discussion  of  this  is 
included  beeause  it  still  constitutes  aproblem  in  recent  Automatic  Pilot  installations. 

The  principle  of  operation  of  the  two  Automatic  Pilots  is  basically  the  same. 
However,  instead  of  a  potentiometer  type  of  signal  pick-up,  rate  gyros  for  the  rate 
signals,  and  relay  pulsing  type  servo,  this  equipment  uses  a  synchro  type  signal 
pick-up,  resistance-capacitance  type  of  rate  circuit,  and  an  amplidyne  servo  sys¬ 
tem.  This  system  is  sensitive  to  interference  on  both  the  AC  and  DC  power  sys¬ 
tems.  In  a  typical  medium  bomber  installation,  oscillation  or  "jitter"  of  the  control 
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surfaces -was  caused  by  commutator  ripple  in  the  DC  power  supply  and  low  amplitude 
modulation  of  the  400  cycle  wave  in  the  AC  supply. 

Two  control  surface  hydraulic  booster  pump  motors  produced  commutator 
ripple  on  the  DC  system.  When  these  motors  operate  simultaneously  their  ripple 
voltages  combine  to  form  a  beat  effect  which  caused  trouble.  This  interference 
eventually  coupled  into  the  sensitive  circuits  of  the  Automatic  Pilot.  With  low  bat¬ 
teries,  or  with  batteries  disconnected  from  the  system,  the  "jitter"  is  exaggerated 
but  when  the  batteries  are  in  good  condition  they  tend  to  minimize  the  effect  of  the 
commutator  ripple.  The  "fix"  recommended  for  this  installation  was  to  install  a 
5QQ  microfarad,  or  larger,  capacitor  from  the  DC  bus  to  ground  near  the  booster 
pump  motor  terminals.  As  much  isolation  as  was  possible  was  provided  between 
sensitive  Automatic  Pilot  wiring  and  DC  power  wiring. 

In  planning  the  design  of  future  systems  and  installations  of  this  kind,  early 
consideration  should  be  given  to  the  isolation  of  sensitive  circuits  and  wiring  from 
the  effects  of  ripple  on  the  DC  poyrer  supply  because  this  has  been  an  important 
source  of  interference  to  electronic  systems  in  various  aircraft.  Ideally,  the  in¬ 
terference  characteristiGS  of  motors,  such  as  the  booster  pump  motor,  should  be 
suppressed  in  the  design  stages^  however,  the  rejection  characteristics  of  a  recei¬ 
ver  to  this  type  of  interference  should  be  e>jually  emphasized  in  its  design  stages. 

The  inverter,  in  this  installation,  was  putting  out  a  low  frequency,  low  amp¬ 
litude  modulation  of  the  400  cycle  wave  in  the  AC  power  supply.  This  modulation 
was  aggravated,  by  the  AC  ignition  system  used,  to  the  point  where  the  Automatic 
Pilot  could  not  distinguish  it  from  the  normal  sensing  signals.  The  recommended 
corrective  action  in  this  instance  was  to  provide  separate  sources  of  AC  supply  for 
the  ignition  system  and  the  Automatic  Pilot,  To  illustrate  the  importance  of  a 
"clean"  AC  power  supply  for  this  equipment,  an  Air  Force  specification  required 
that  an  AC  source  be  provided  with  no  modulation  between  frequency  limits  0, 1  to 
60  cycles  per  second  and  a  total  harmonic  content  of  not  more  than  6fo  «f  the  funda¬ 
mental,  The  original  design  of  this  equipment  should  include  considerations  that 
make  it  compatible  with  the  operation  of  the  other  systems  in  the  aircraft.  With  the 
increasing  use  of  AC  power  supply  in  aircraft,  this  Automatic  Pilot  system  should 
be  able  to  operate  as  satisfactorily  as  other  equipment  on  the  same  AC  supply. 

In  the  design  stages  of  any  equipment,  recognized  interference  sources  should 
he  properly  isolated  by  iheana  of  shielding,  filtering,  bonding,  or  other  effective 
means  as  necessary  considering  weight,  space  and  materials  as  discussed  in  Para¬ 
graph  3, 1,  Study  of  the  original  design  of  this  Automatic  Pilot  equipment  revealed 
that  the  main  reliance  was  on  shielding.  The  techniques  used,  however,  were  not 
effective  in  this  case,  While  it  is  recognized  that  shielding  is  frequently  necessary 
to  suppress  interference  from  ignition  systems,  modulators,  etc. ,  it  is  one  of  the 
more  expensive  methods  and  may  result  in  greater  weight  than  necessary  if  a  com¬ 
bination  of  techniques  are  used.  For  example,  a  simple  R-C  network,  properly  de¬ 
signed  and  cotmected  across  the  contacts  of  relays  may  have  reduced  the  transients 
sufficiently  to  eliminate  the  need  for  shielding  of  each  individual  relay.  (See  Para¬ 
graph  3.  2.  3.  )  Proper  routing  of  leads  that  may  conduct  interference  would  still 

further  reduce  the  need  for  this  extensive  shielding.  Small  motors  with  interfer¬ 
ence  suppressed  by  means  of  techniques  discussed  in  Paragraph  3.  2.  1.  1  and  proper 
isolation  would  obviate  the  need  for  extra  heavy  shielding. 
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To  overcome  the  lack  of  foresight  In  Ihe  original  de  sign  of  this  equipment  with 
regard  to  interference-free  operation,  good  engineering  practice  was  employed  in 
locating  interference  suppression  devices  as  close  to  the  source  of  the  interference 
as  was  possible.  The  ‘'fixes*'  used  showed  a  good  understanding  of  and  an  applica¬ 
tion  of  the  principles  which  must  be  used  in  combating  interference.  The  result  was 
a  considerable  improvement  in  the  overall  design  whichreduced  the  generation,  con¬ 
duction,  and  radiation  of  the  interference. 

3.  3.  E,  4  SPARK-TtPJE  IGNITION  SYSTEM 

Ignition  systems  used  in  present  day  reciprocating  aircraft  engines  are  designed 
to  produce  an  electric -spark  to  ignite  the  compressed  fuel  inside  the  cylinder.  The 
ignition  system  most  deliver  a  spark  at  the  proper  instant  in  each  cylinder  to  give 
smooth  operation.  Reliability  and  efficiency  are  prime  design  considerations  and 
extreme  environmental  conditions  must  be  provided  for  in  the  design  of  aircraft  ig¬ 
nition  systems.  The  system  must  operate  at  temperatures  of  -40®  to  -60®  F,  as  a 
lower  limit.  At  the  other  extreme,  however,  the  magneto  is  closed  to  250®  F. ,  the 
cable  to  350®  F. ,  end  the  plugs  to  500°  F,  Since  the  system  is  mounted  on  the  en¬ 
gine,  all  parts  are  subject  to  severe  vibration  at  frequencies  below  200  cps,  with 
forces  as  high  as  75  g's. 


The  reduction  of  dielectric  strength  and  ionization  potential  which  accompanies 
increase  in  altitude  is  very  damaging.  Corona  disebarg'  forms  ozone  and  nitric 
oxides,  The  oxides  combine  with  moisture  to  make  nitric  acid,  which  corrodes  all 
metal  parts.  Both  corona  leakage  and  weakened  dielectric  combat  attempts  to  in'^ 
crease  ignition  voltage  and  thereby  gain  more  effective  ignition.  To  avoid  the  detri¬ 
mental  effects  of  altitude,  the  ignition  system  has  been  pressurized  in  some  designs 
and  in  others  it  has  been  filled  with  a  sealing  compound.  These  aging,  breaking,  or 
other  damaging  effects  due  to  environment^  conditions  generally  tend  to  increase 
the  interfererice  problem  created  by  the  ignition  system. 

The  aircraft  ignition  system  includes  the  following  component  parts;  (1)  mag¬ 
netos  and  diatributors;  in  some  systems  these  are  integral  (two  per  engine),  (2) 
harness  assembly  and  spark  plug  leads,  (3)  external  transformer  coils,  used  only 
with  low  tension  ignition,  (4)  spark  plugs  (two per  cylinder),  (5)  starting  booster  coU 
or  induction  vibrator,  (6)  ignition  and  magneto  grounding  switch,  and  (7)  flexible 
metal  conduit  used  to  cover  the  wiring  between  the  engine  ignition  system,  the  ig¬ 
nition  switch,  and  the  starting  assemblies.  A  front  view  of  a  typical  ignition  system 
installed  on  a  radial  aircraft  engine  is  shown  in  Figure  3.  3.2, 4- A. 

While  radio  interference  signals  entering  the  ignition  system  will  not  adversely 
affect  the  system  itself,  the  components  of  the  ignition  system  are  extremely  strong 
interference  sources  and  could  cause  serious  interference  in  the  aircraft  electronic 
systems  if  proper  suppression  techniques  are  not  observed. 

In  genergd,  spark-type  ignition  systems,  if  allowed  to  radiate,  can  be  listed 
high  among  the  major  sources  of  radio  interference.  This  is  true  because  of  the 
deliberate  generation  of  high  frequency  transient  currents  in  the  ignition  circuit  as 
a  necessary  function  in  aircraft  engine  operation. 

Whenever  au  electrical  circuit  is  opened  or  closed,  such  as  occurs  with  a 
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distributor,  there  is  a  transient  or  v^rwble-current  state  immediately  follovidng  the 
making  or  breaking  of  the  circuit,  during  which  current  is  either  rising  or  falling. 
These  '‘steep  wavefront  transients"  i^pe  not  of  the  simple  sinusoidal  type,  bat  have 
been  shown  to  consist  of  a  fundamental  wave  of  relatively  low  frequency,  upon  which 
are  superimposed  a  multiplicity  of  higher  frequency  components  or  transients. 


Fig.  3,  3,  2. 4-A  Typical  Sparh-Type  Aircraft  Ignition  System 


The  components  of  an  ignition  system  must,  therefore,  be  regarded  as  genera¬ 
tors  of  periodic  short  duration  waves  containing  not  only  low  frequency  components, 
but  highfrequency  components  extending  across  the  useful  radio-frequency  spectrum. 

These  high  frequency  oscillation?,  if  not  suppressed  through  shielding,  are 
radiated  by  the  various  ignition  system  components  which  act  as  antennas.  The  ra¬ 
diation  re  suits  in  uncontrolled  frequency  waves  in  the  radio  frequency  spectrum  above 
10  me  and  is  especially  high  in  annoyance  value  depending  upon  the  characteristics  of 
the  transient  and  the  sensitivity,  frequency  response,  and  location  of  the  receiver. 

Although,  as  pointed  out  in  earlier  paragraphs,  noise  suppression  may  gen¬ 
erally  be  accomplished  by  filtering  qr  shielding  at  the  source  or  the  receiver,  or 
both,  such  is  not  genereiUy  the  case  with  respect  to  interfering  waves  generated  by 
an  engine  ignition  system.  With  the  various  ai^ccraft  antennas  subject  to  direct  un¬ 
controlled  frequency  radiations  p*  the  engine  ignition  system,  any  effort  to  filter  or 
shield  at  the  radio  receiver  will  result  not  only  m  the  suppression  of  interfering 
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the  ignition  wave  itself  thV!-!  ■  =»PaW=  of  removing  a  large  part  of 

svste  J  ^mer^’  ^  “t'pa.ring  the  efficiency  of  the  entire  engL  ig. 

to7:4e“  “<=  ’>'  -“i- 

is  thelyX'^Iue  me7hod*^r„r:™m^^  ““  *‘'"*^*  **“‘*°“ 

nitude  from  radiating  into  space  Ld  res.dt^°  frequency  energy  of  appreciable  mag- 
awng  into  sp^ce  and  resulting  in  aircraft  radio  interference. 

apprecUrd1;trinl“r;!lfiTe:L^^^^^^^^ 

craft  ignition  system  Still  is  tronM  rru  2  emanating  from  the  air- 

result!  from  (a)  ;ror  ihterference  now  generally 

insufficient  shield  waU  thickness  andAr  iip^pef 'ma“  ri!a!'‘'*‘“* 

auch  a?if»e^rta  system, 

path  of  least  impedance.  As  a  res5t.  tte  “n  f  4'” outswflrf 

of  an  ignlnon  caMe  conductor  and  on  the  inside  surfac7of 'the  sM^ldm!  A 

J^mtoing  ^c“!“irt  flo4‘’!rtte  o"tT"“*/^  shielding  eater’lor  t4«b! 
radiate.  *No  bonds  are‘  r^qniTed  :itaTrtcn2“d, 

^  Th^  problem  of  ignition  noise  largely  reduces  tr.  ««  #  •  •  a 

design  and  frequent  bondintr  of  to  one  of  joint  or  flange 

be  placed  upon  proper  initial  joint  desion  fo  °r!!^  ^rfr^e.  Major  emphasis  should 

satisfactory  corrections  oJ  a  the  field  to  make 

should  be  kept  to  a  minimum  The  f'  Obviously,  the  number  of  joints 

by  welding,  brazing  or  solderinc  satisfactory  joining  of  mating  surfaces  is 

abiecontit!«i™aVe  a!?is  i^er  argoodreo^^^^^^^  *"  W'"*' 

Hewever,  welding  and  brazing  cannot 'generallv  h!  *°a  k®  *  “r  welded  joint, 

pf  the 

follows by  engine  Ignition  systems  can  be  summed  up  as 

(b)  luterference  from  damaged  portions  of  the  ignition  harness  assembly,  and 

(c}  IICOZU  loose  HUt^  Ot*  -Tei c? *  j  • 

the  ignition  assembly  fastening  devices  which  are  part  of 

The  magneto  is  a  form  of  high-frequency  generator  and  consequently  all  joints 
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Fig,  3,  3,2,4-B  Paths  of  Interferexice  Sigrrals*  in  a.  Typical  Aircraft  igriitidn  Systetn 
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covers  in  the  magneto  are  potential  interference  sources.  Figure  3.3,  2.4-C 
illustrates  several  types  of  joints  ordinarily  found  to  be  a  source  of  interference  in 
magnetos.  In  order  to  keep  the  radio  interference  energy  within  the  megneto  shield 
It  is  necessary  to  make  all  joints  low  impedance  paths,  as  indicated  above,  and  dis¬ 
cussed  in  Paragraph  3.1,2, 


Gear  Covers 


Breaker  Covers 


Coil  Cover 


Fig,  3.  3.  2,4-C  Typical  Sources  of  Interference  in  Magnetos 

The  distributor  comprises  a  distributor  rotor  and  terminals  connecting  indi-' 
yidual  spark  plugs.  It  may  be  considered  as  a  rotating  mechanical  switch  which 
transfers  the  electrical  energy  from  the  high  tension  coil  of  the  magneto  to  the  spark 
plugs.  The  distributor  finger  or  rotor  does  not  touch  the  terminals  or  electrodes 
but  passes  over  them  with  close  clearance.  Since  the  high  voltage  produced  by  the 
magneto  must  jump  the  air  gap  between  the  rotor  finger  and  the  terminal  of  the  dis¬ 
tributor  in  addition  to  the  spark  plug  gap,  the  distributor  can  be  compared  to  a  spark 
transmitter.  Paragraphs- 1. 3,  2,4  and  3.  2,  3. 1  give  a  detailed  discussion  of  spark 
gap  interference.  Again  it  is  a  problem  of  keeping  the  joints  electrically  tight  at 
high  frequencies  in  much  the  same  manner  as  described  for  the  magneto.  Types  of 
troublesome  distributor  joints  are  shown  in  Figure  3.  3.  2. 4-D, 

The  harness  assembly  is  again  a  problem  of  keeping  radio  interference  energy 
inside  the  harness  or  shield.  If  any  portion  of  the  harness  assembly  is  cracked  or 
broken  and  any  connections  not  properly  tightened  interference  signals  will  radiate 
from  the  harness  assembly.  Typical  potential  sources  of  noise  leakage  fromi  the 
harness  section  are  shown  in  Figure  3.  3,  2.4-E. 

Spark  plugs  are  normally  well  shielded  and  seldom  present  an  interference 
problem,  unless  they  are  damaged  or  not  operating  properly. 


It  has  been  demonstrated  by  design  experience  that  proper  radio  interference 
control  of  ignition  systems  is  obtainable  by  using  carefully  designed  shielding  assem¬ 
blies  and  interference  mters.  A  well-shielded  ignition  system  is  well  protected 
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against  fire  hazard,  shock  hazards,  heat,  lightning,  weather,  and  viferation.  How¬ 
ever,  shielding  adds  to  the  cost  and  weight  of  an  ignition  system  and  increases  spark 
plug  electrode  erosion,  thus  requiring carefid  application  of  suppression  techniques 
in  the  original  design.  Shielding  and  filtering  techniques  are  treated  in  Paragraphs 
3.1.2  and  3.1. 1. 

^ Cover 


Body 

Bowl 


Fig.  3.3.2.  4-D  Typical  Sources  of  Interference  in  Distributors 


Fig.  3  3,  2.  4-E  Interference  Leaks  in  Harness  Assembly 

3. 4  DESIGN  CONSIDERATIONS  FOR  AIRCRAFT  RECEIVERS 

To  minimize  the  effects  of  interference,  internal  shielding  of  the  individual 
radio  frequency  sections  is  essential.  The  first  radio  frequency  section  of  any  re¬ 
ceiver  is  the  moat  sensitive  and  any  design  feature  causing  a  reduction  in  interfer¬ 
ence  at  this  point  has  a  healthy  effect  upon  succeeding  stages. 

At  least  90  percent  of  all  interference  enters  a  receiver  through  the  input  cir¬ 
cuits  of  the  first  radio  frequency  amplifier  stage.  Interference  conducted  into  the 
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receiver  by  means  of  the  power  input  cable  may  enter  the  first  radio  frequency  stage 
through  the  filament  circuit  as  well  as  through  inductive  coupling  to  the  internal  an¬ 
tenna  circuits.  The  rest  of  the  interference  enters  this  stage  through  the  external 
antenna  circuits,  (antenna,  antenna  lead-in)  by  means  of  inductive  coupling  wdth  the 
interference  carrying  wires.  The  first  radio  frequency  stage  must  be  designed  very 
carefully.  Noted  improvement  is  had  by  adding  low-pass  filters  in  series  with  the 
first  radio  frequency  filament  leads,.  Lower  susceptibility  will  result  from  improved 
shielding  design  of  the  internal  antenna  input  circuits.  Shielding  antenna  leads  in¬ 
side  the  set,  and  shielding  input  coils  and  gang  condensers  will  reduce  the  coupling 
to  interference  circuits,  where  the  shielding  is  made  as  continuous  as  possible. 
Continuous  shielding  is  obtained  quite  well  by  spacing  the  screws  holding  down  the 
shield  about  one  inch  apart.  However,  the  use  of  miiltiple  contact  serrated  springs 
is  much  more  effective  for  continuous  shielding,  as  noted  under  Case  Shielding, 
Paragraph  3,4. 1.  5, 

If  the  radio^frequency  section  could  be  Isolated  from  the  receiver  and  located 
in  a  completely  interference-free  region  containing  the  antenna  lead-in,  the  instal¬ 
lation  interference  level  could  probably  be  reduced  about.  85  percent.  The  radio 
frequency  and  mixer  stages  could  be  designed  in  strips,  together  with  the  tuning  ele- 
mentSo  These  could  be  furnished  by  the  radio  manufacturer  in  standard  strips  and 
located  by  the  airplane  manufacturer  directly  adjacent  to  the  receiver  antenna  lead- 
in,  The  design  of  radio  frequency  and  mixer  sections  would  be  completed  by  enclos¬ 
ing  the  strips  in  s  shielded  case,  riveted  directly  to  the  metal  frame.  This  method 
would  provide  a  certain  degree  of  flexibility  in  receiver  design,  allowing  the  air¬ 
frame  manufacturer  freedom  to  utilize  the  best  installation  procedures.  The  power 
supply,  audio  aind  IF  sections  would  be  packaged  in  a  smaller  case  by  the  radio  manu¬ 
facturer,  ,  TMs  undoubtedly  requires  a  certain  amount  of  development  work  before 
the  procedure  could  be  put  into  practice,  but  the  work  cowild  proceed  in  conjunction 
with  any  installation  progr  am  initiated  to  solve  space  and  interference  problems.  In 
the  design  of  internal  shielding  for  the  reduction  of  internal  coupling,  the  use  of  a 
"one-point  ground  system"  has  been  found  a  very  effective  measure.  This  means 
that  one  point  of  the  internal  shield  is  designated  as  ground  point  (see  Paragraph 
1,  8,  2. 1),  and  this  point  is  used  to  terminate  all  wiring  of  the  shielded  stages  that 
need  to  be  grounded.  Thus  the  primary  (external)  shield  functions  only  as  a  wall  to 
protect  the  sensitive  circuits  inside  from  the  interfering  fields  outside  and  does  not 
have  to  carry  any  circuit  currents.  Even  in  the  internal  shield,  the  length  of  the 
paths  of  the  circuit  currents  is  kept  to  the  absolute  minimum.  Thus,  the  single 
ground  point  avoids  the  impedance  which  may  exist  at  high  frequencies  between  var¬ 
ious  ground  connections. 

An  effective  way  of  constructing  an  internal  shield  to  separate  two  stages  is 
the  use  of  a  copper  shield  with  a  circular  hole  through  which  a  tight-fitting  metal 
tube  may  be  mounted.  If  the  tube  is  of  the  type  having  a  grid  cap  at  one  end  and  all 
other  connections  at  the  other  end,  its  metal  envelope  effectively  closes  the  hole  in 
the  shield,  and  there  is  complete  separation  of  the  grid  or  input  and  the  plate  or  out¬ 
put  circuits  of  that  stage.  Such  an  arrangement,  used  for  the  separation  of  the  radio 
frequency  amplifier  from  the  mixer  stage  in  a  superheterodyne  receiver,  is  shown 
schematically  in  Figure  3.4, 

This  method  of  tube  mounting  affords  excellent  isolation  of  stages  to  prevent 
stray  coupling.  The  partition  shield  may  serve  as  a  common  ground  point  for  cathode 
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and  one  side  of  the  filament,  and  for  plate  and  grid  circuit  returns.  The  tuning  con»- 
densers  may  be  insulated  from  the  primary  shield  box,  and  copper  straps  used  to 
connect  the  frame  directly  to  the  common  ground  on  the  partition  shield.  The  con¬ 
trol  shaft  of  the  condenser  may  be  brought  out  of  the  primary  shield  box  through  a 
close-fitting  brass  sleeve,  which  will  be  soldered  to  the  walls  of  the  box.  Proper 
proportioning  of  the  shaft  hole  and  the  length  of  the  sleeve  will  make  the  brass  sleeve 
act  as  an  attenuating  wave  guide,  as  explained  in  Paragraph  3. 1.2.  2, 


Fig,  3,4  Mounting  of  Vacuum  Tube  Through  Internal  Shield 


Interference  problems  in  existing  aircraft  receivers  have  been  solved  in  vary¬ 
ing  degrees  by  means  of  fixes.  However,  the  best  approach  iis  to  design,  produce, 
and  install  receivers  in  an  aircraft  to  function  with  minimum  susceptibility  by  means 
of  appropriate  routing  of  cables,  shielding,  filtering  networks,  and  by  adding  circuits 
to  the  receiver  to  materially  lower  the  amplitude  of  the  offending  interference  volt¬ 
ages. 


Aircraft  receivers,  in  general,  are  similar  to  other  types  of  radio  receivers. 
Operating  conditions,  however,  require  thatcertain  characteristics  aretobe  stressed 
more  than  others  for  minimum  receiver  susceptibility.  The  inajpr  characteristics 
are:  (a)  sensitivity,  (b)  selectivity,  (c)  audio-range,  (d)  bandwidth,  (e)  shock  moun¬ 
ting,  and  (f)  susceptibility. 

A  high  degree  of  sensitivity  is  a  necessity  due  to  either  a  short  antenna  or  long 
range  pick-up.  Consequently,  normally  insignificant  interfering  signals  picked  up 
and  amplified  by  the  receiver  merit  serious  consideration. 

Excellent  selectivity  is  highly  desirable  for  the  purpose  of  eliminating  inter¬ 
fering  signals.  Modern  aircraft  almost  always  use  a  superheterodyne  receiver  and 
quite  frequently  a  low  intermediate  frequency  is  employed  to  aid  the  selectivity  char¬ 
acteristic. 

A  limited  audio-frequency  range,  sufficient  for  communication  purposes,  de¬ 
cidedly  contributes  to  interference  reduction  in  a  communications  receiver  output, 
A  range  of  300-3000  cycles  per  second  is  entirely  adequate,  and  the  narrow  band¬ 
width  effectively  rejects  interference  impulses  over  a  proportionately  greater  area 
of  the  carrier, 

A  bandwidth  consistent  with  the  minimum  possible  value  for  received  signals 
is  highly  desirable.  This  makes  possible  a  high  signal-to-interference  ratio  since 
interference  energy  is  normally  distributed  over  a  considerable  frequency  band.  The 
disturbing  effect  of  background  interference  can  be  lowered  by  volume  compression 
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of  transmitted  signals  and  by  a  reductionof  receiver  sensitivity  during  silent  periods. 
(See  Special  Circuits,  Paragraph  3.1,4.) 

The  Naval  Development  Research  Center  conducted  experiments  at  Harvard 
University  showing  that  the  lowest  reliable  signal-to-interference  ratio  for  intelli¬ 
gible  reception  of  radio  signals  is  4;1,  indicating  that  coupled  interference  must  be 
kept  very  low. 

Shock-mounting  is  another  important  consideration  for  receiving  equipment  to 
prevent  rapid  deterioration  of  operating  characteristics  as  well  as  actual  damage  to 
the  equipment.  Circuit  components  must  be  carefully  designed  and  mounted  to  with¬ 
stand  shock  and  vibration.  The  use  of  non-microphonic  tubes,  special  capacitors, 
and  proper  bonding  techniques  must  he  considered  to  prevent  loss  of  intelligibility 
due  to  changed  characteristics. 

Susceptibility  of  a  receiver  to  Interference  is  a  measure  of  undesirable  re¬ 
sponse  of  the  receiver  to  interfering  voltages  at  all  paths  of  entry.  It  is  expressed 
in  terms  of  "coupling  factor"  or  "susceptibility  ratio".  Coupling  factor  may  be  de¬ 
fined  as  the  ratio  of  the  antenna  input  voltage  to  the  voltage  input  required  at  the 
various  coupling  paths  to  produce  the  same  receiver  output  and  is  an  index  of  the 
receiver's  ability  to  reject  conducted  interference.  Susceptibility  ratio,  which  is 
sometimes  used,  is  the  inverse  of  this  md  may  be  measured  as  its  reciprocal. 

3,4,1  PATHS  or  ENTRY 

The  major  paths  through  which  interference  energy  cam  enter  a  receiver  are; 
(a)  antenna  leaid-in,  (b)  power  leads,  (c)  control  leads,  (d)  audio  output  leads,  amd 
(c)  receiver  case. 

Tests  have  been  conducted  on  representative  communication  receivers  to  de- 
terznlhe  the  attenuation  on  their  various  paths  of  entry.  The  receivers  were  peaked 
to  macsimum  sensitivity  and  maintained  in  this  condition  throughout  the  tests.  The 
sensitivities  were  recorded  so  that  they  could  be  compared  with  the  voltage  input 
through  these  paths  of  entry  required  to  bring  the  receiver  output  up  to  a  standard 
ten  milliwatt  level.  The  output  of  a  standard  signal  generator  was  applied  to  the 
receiver  antenna  and  adjusted  for  a  ten  milliwatt  receiver  output.  Then  the  genera¬ 
tor  output  was  applied  to  a  path  of  possible  interference  entry  and  adjusted  to  give 
the  same  receiver  output.  The  ratio  of  the  generator  output  required  for  the  inter¬ 
ference  path  to  the  antenna  input  required  for  the  same  receiver  output  level  repre¬ 
sented  the  attenuation  of  the  entry  path.  The  values  shown  in  the  following  table 
list  the  average  attenuation  in  decibels  below  the  antenna  input  for  each  of  the  tested 
paths  of  the  receivers. 


The  "A"  receiver  is  a  single-band  set  with  a  separate  power  supply.  The  con¬ 
trols  are  remote,  but  the  interference  enters  in  the  same  way  as  with  the  other  re¬ 
ceivers,  through  the  shield,  the  audio  leads,  power  leads,  and  a  radio  frequency 
sensitivity  control.  Attenuation  is  much  greater  in  this  receiver  due  to  tighter  ex¬ 
ternal  shielding,  md  to  shielded  radio  frequency  coils  and  gang  condenser. 
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ANTENNA  AND  LEAD-IN 


Average  Attenuation  in  db  Below  Antenna  Input 

Paths  of  Entry 

Receiver  A 

Receiver  B 

Receiver  C 

DC  Power  Input 

65 

45 

40 

Sensitivity  Control  Cable 

75 

Mm  m 

■ _ _ jo . ■ 

Audio  Output  Cable 

100 

45 

45 

DC  High  Voltage  Cable 

30 

40 

Miscellaneous  Control  Cables 

100 

50 

The  "B"  receiver  has  six  bands  in  a  single  dase,  together  with  dynamotor  and 
all  controls.  The  only  external  wiring  arc  the  antenna,  power  input,  and  audio  cables. 
Receiver  ^'C"  is  a  single  bamd  set  in  the  same  case  with  a  transmitter.  The  dyna¬ 
motor  and  controls  are  external,  connecting  to  the  set  through  cable  bundles.  The 
antenna  circuit  uses  a  coaxial  plug  and  transmission  line.  The  receiver  cases  are 
relatively  poor  shields  because  of  the  discontinuities  existing  between  case  and  chas  ¬ 
sis.  Interference  gains  access  to  the  internal  parts  of  the  receiver  through  these 
discontinuities,  and  through  the  power  and  audio  leads. 

Interference  input  paths  and  the  attenuation  of  interference  through  these  paths 
vary  considerably  with  receiver  types.  These  variations  are  due  tos 

(a)  quality  of  the  case  and  radio  frequency  component  shielding, 

(b)  filtering  of  the  input  power  circuits, 

(c)  internal  routing  of  interference-carrying  wires,  and 

(d)  filtering  of  radio  frequency  filament  circuits, 

Tight  case  shielding  containing  as  few  holes  as  is  practical  for  cable  outlets, 
and  thorough  internal  shielding  of  the  radio  frequency  and  antenna  circuits  will  lower 
the  receiver  interference  susceptibility.  The  "A"  receiver  is  an  excellent  example 
of  current  design  incorporating  features  for  interference  reduction,  as  described 
under  Case  Shielding,  Paragraph  3.4, 1,  5, 

3.4,  1.  1  ANTENNA  AND  LEAD-IN 

Even  though  interference  from  all  other  possible  paths  of  entry  could  be  eli¬ 
minated,  the  antenna  would  still  provide  a  serious  means  for  coupling  interference 
into  aircraft  receivers,  Poor  placement  of  the  antenna  or  antenna  lead-in  with  re¬ 
spect  to  the  ignition  system  interference  field,  the  radiation  field  of  a  radar  set,  or 
of  the  components  of  its  modulating  pulse,  may  cause  large  induced  voltages  which 
severely  affect  the  output  of  the  receiver.  Peak  field  strengths  of  airborne  radar 
transmitters,  in  the  vicinity  of  a  communications  receiver  antenna,  may  be  of  the 
order  of  hundreds  of  volts  per  meter.  Under  such  severe  conditions,  interference 
may  be  introduced  into  the  receiver  case  over  the  antenna  lead-in  or  where  poor 
shielding  and  bonding  exist.  The  antenna  and  its  lead-in  provide  an  entry  path 
capable  of  causing  severe  interference  in  the  output  despite  the  frequency  discrimi¬ 
nation  of  the  receiver.  The  interference  energy  may  be  so  intense  as  to  saturate  the 
first  stage  of  the  receiver.  This  type  of  interference  is  caused  primarily  by  low-fre¬ 
quency  radar  with  non-directional  characteristics.  Radar  transmitters 
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operating  at  higher  frequencies  are  generally  highly  directional  and  seldom  cause 
interference  of  this  type. 

The  use  of  a  sh^rt-shielded  antenna  lead-in  wire  is  perhaps  the  best  design 
practice  for  preventing  interference  from  entering  the  first  tuned  circuit  of  the  re¬ 
ceiver  due  to  antenna  lead-in  interference  coupling.  Amplitude  limiting  and  suppres¬ 
sion  of  the  receiver  during  the  radiation  period  of  the  radar  pulse  are  other  used 
methods.  The  method  of  ^proash  will  be  determined  in  accordance  with  the  estab¬ 
lished  purpose  of  the  receiver,  although  it  is  best  to  eliminate  interference  at  the 
earliest  possible  point  in  a  receiver.  Appropriate  location  and  orientation  of  the 
antenna  is  the  oniy  corrective  measure  available  to  reduce  interference  pick-up  by 
the  antenna  itself. 

When  the  antezma  lead-in  wire  is  short,  about  one  foot,  and  is  connected  to  a 
shock-mounted  antenna  coupler,  it  presents  the  problem  of  a  semi-^^igid  connection. 
The  stress  due  to  shock  mounting  could  result  in  failure  of  the  lead-in  wire.  How¬ 
ever,  the  lead-in  should  be  shielded  as  well  as  short  in  length  and  the  problem  of 
preventing  a  break  due  to  stress  is  left  to  the  installation  engineer. 
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Fig.  3. 4. 1, 1-A  Antexma  Filter  Network  for  Suppressing 
Radar  Interference  in  a  Representative  Communications  Receiver 

High  rejection  should  be  designed  into  the  receiver  to  provide  maximum  free¬ 
dom  from  interference  frequencies  other  than  the  reception  frequency  to  which  the 
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receiver  is  tuned.  When  high  level  interference  signals  are  present  filter  units  or 
wave  traps  tunable  to  the  radar  frequencies  may  be  designed  and  connected  into  the 
antenna  lead-in  wire  to  suppress  unweinted  frequencies  and  at  the  same  time  offer  a 
negligible  amount  of  attenuation  to  frequencies  within  the  pass-band  of  the  receiver. 
Filtering  is  effective  in  preventing  the  condition  of  free  oscillations  caused  by  im¬ 
pulse-type  interference,  for  it  attenuates  the  radiated  pvilses  before  they  can  shock- 
excite  the  first  tuned  circuit.  An  example  of  this  type  of  filter  used  in  the  antenna 
circuit  is  illustrated  in  Figure  3. 4. 1.1 -A.  The  attenuation  frequency  bandwidth  was 
sufficient  to  prevent  interference  due  to  sideband  frequencies  and  carrier  frequency 
variations  of  the  radar. 

Wave  traps  when  used  must  be  installed  at  the  receiver  antenna  post  Or  within 
the  receiver  case.  Such  wave  traps  or  filters  may  consist  of  parallel  resonance 
choke  coils  or  simply  a  quarter- wave  stub.  Choke  coils  are  generally  inserted  in 
series  with  the  receiver  antenna  or  grid  leads.  Quarter-wave  stubs  are  genoi’ally 
Gonnected  between  the  receiver  antenna  postan^  receiver  case  with  the  far  end  open- 
circuited,  This  provides  satisfactory  protec|ion  against  very  high  or  ultra-highfre- 
quettcy  interference  below  600  me.  The  stub  is  cut  to  quarter -wave  resonance  at  the 
frequency  to  be  attenuated.  Twisted  wire  pairs  or  parallel  wires  are  convenient  and 
practical  for  constructing  the  stubs.  Wave  traps  made  of  a  resonant  stub  using  con¬ 
centric  transmission  line  will  have  a  sharp  cut-off  characteristic  and  are  not  desir¬ 
able  for  use  against  interfering  energy  coming  in  at  a  frequency  of  a  few  hundred 
megaiGycles. 

3,  4,  1,2  POWER  LEADS 

AH  primary  power  wiring  in  an  electrical  system  is  connected  to  a  common 
bus  bar.  Interference  sources  always  impress  some  portion  of  their  output  on  the 
power  wiring  connected  to  them,  unless  completely  filtered.  Tbereforc,  radio  in¬ 
terference  originating  in  the  electrical  and  electronic  equipments  of  the  aircraft, 
except  the  portion  attenuated  by  the  wiring,  appears  at  the  input  to  the  receiver.  Ef¬ 
ficient  removal  requires  knowledge,  of  the  frequency  of  the  offending  voltages.  This 
information  may  be  obtained  by  means  of  a  calibrated  receiver  and  probe,  noting, 
however,  the  limitations  pointed  out  in  Appendix  V.  Protection  against  conducted 
interference  over  the  power  leads  can  best  be  controlled  by  suppression  at  the  inter¬ 
ference  source  and  through  good  internal  receiver  design.  When  these  means  are 
improperly  employed  some  external  controls  are  necessary.  If  the  interfering  fre¬ 
quencies  fall  within  the  band-pass  of  the  receiver,  a  filter  may  be  constructed  for 
their  removed,  and  inserted  in  the  power  line  at  the  receiver  plug^ 

Rotating  equipment,  radar,  IFF  and  similar  gear  installed  in  a  modern  air¬ 
craft  produce  impulse-type  interference  which  may  readily  be  conducted  to.  the  re¬ 
ceiver  by  means  of  the  power  line.  Network  filters  used  in  aircraft  st  the  present 
time  and  applied  to  the  power  line  for  attenuation  purposes  cover  a  frequency  range 
of  approximately  0.2  me  to  30  me,  but  the  range  can  easily  be  extended.  The  design 
procedure  to  be  followed  in  constructing  appropriate  filters  is  found  under  Para¬ 
graph  3.  1.  1.  2. 

An  example  of  3.  i  Scsn  tly  designed  filter  network  capable  of  attenuating  fre¬ 
quencies  by  at  least  40  dbin  the  long  eindmedium  wave  broadcast  and  television  bands 
is  shown  in  Figure  3.4.  1.2~A.  Its  declared  purpose  is  to  suppress  interference 
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The  filter  consist^  of  a  single  section  connected  in  each  lead  pf  the  power 
cable.  The  serieir  jLpt^pcior  has  a  value  of  40  ph  and  consists  of  60  turns  of  No,  14 
gauge  eniuneled  copper  wire  wound  on  a  cylindrical  paxolin  form  1-1/2  inches  in 
diameter,  with  12  turns  per  inch.  The  parallel  capacitors  each  have  a  value  of  0,25 
pf  and  are  a  special  feed-through  type.  The  capacitors  function  satisfactorily  at 
frejjuencies  considerably  above  ISO  kc  since  they  are  designed  to  have  low  intrinsic 
inductance  ana,  therefore,  do  not  become  self-resonant  until  very  high  frequencies 
are  reached  (about  100  me).  At  the’self-resoiiant  point  atienuacion  is  more  pro¬ 
nounced  since  it  acts  as  a  series  resonant  line  to  ground,  3eyond  this  point  tke  ca¬ 
pacitors  gradually  lose  their  efficiency  as  the  frequency  is  increased  due  to  lead  in-^ 
ductance.  The  study  and  application  of  feed-through  capacitors  is  outlined  in  Para¬ 
graph  3.  1, 1,  5, 

The  particular  filter  capacitor  indicated  here  has  a  test  voltage  of  1500  volts, 
and  is  acceptable  for  use  on  22P  volt  AC  or  DC  supplies.  Similar  capacitor  types 
are  also  available  with  a  test  voltage  of  2250  volts.  The  manufacturers  rating  on 
the  central  conductor  is  fifty  amperes  up  to  a  temperature  of  85°  C,  It  functions 
here  as  a  fifteen  ampere  filter,  and  under  full  load  the  measured  temperature  in¬ 
crease  did  not  exceed  40®*  C, 


When  filtering  is  done  at  the  receiver  the  filter  sections  are  reduced  because 
the  range  of  frequencies  to  fee  attenuated  is  only  that  to  which  the  particular  receiver 
is  susceptible.  There  is  some  attenuation  of  interfering  currents  while  traveling 
from  source  to  receiver,  especially  when  the  distance  is  appreciable.  However,  a 
recent  study  of  noise  propagation  and  diatribution  has  shown  that  very  little  attenua¬ 
tion  exists  in  a  wiring  system. 

A  great  deal  of  experimentation  concerning  the  use  of  a  lossy  line,  or  lossy 
dielectric  materials  and  their  application  to  power  cabling  is  now  going  on.  Experi¬ 
mental,  data  gathered  so,  far  indicates  that  lossy,  law  dielectric  constant  materials 
incorporated  in  practical  mter  design  is  capable  of  greatly  reducing  interference. 
Higher  capacities  and  losses  may  be  obtained  by  using  ceramic  dielectrics.  How¬ 
ever,  the  effective  application  of  higher  dielectric  ceramic  materials  is  presently 
limited  because  of  the  difficulty  of  shaping  the  forms  (limited  to  fairly  thick-walled 
tubing  and  flat  sheets).  Severed  low  dielectric  materials  have  been  tested,  of  which 
shellac  appeared  to  be  the  best.  Filters  using  lossy  materials  are  discussed  in 
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Paragraph  3.  2. 1, 

3. 4. 1.  3  CONTROL  C AISLES 

Electrical  or  meclianical  control  cables  attached  to  a  receiver,  even  though 
not  connected  to  a  source  of  interference,  c«m  readily  act  as  an  antenna,  picking  up 
interference  by  induction  or  radiation  and  transfering  it  to  the  receiver.  Once  they 
pass  beyond  the  screening  effect  of  thereq.eiver  case,  there  is  nothing  to  prevent  the 
interference  from  affecting  the  receiver  output.  There  are  many  cables  and  lead 
wires  required  in  a  modern  aircraft,  frequently  routed  along  a  common  path.  Those 
carrying  pulse  currents  have  little  difficulty  in  injecting  a  portion  of  their  energy 
into  receiver  lead  wires,  and  consequently  causing interference.  It  is  worth  recalling 
that  an  oygrhead  waterpipe  or  steel  beam  with  radio-frequency  energy  induced  in  it 
from  a  nearby  transmitter  can  change  from  a  normally  good  ground  to  act  like  a  long 
wire  antenna.  For  example,  at  28  me  there  will  be  a  high  voltage  point  approximately 
every  eight  feet;  that  is,  it  will  have  standing  waves  on  it  and  it  will  radiate.  Any 
control  cable  greater  than  one-eighth  wave  length  may,  in  a  similar  fashion,  act  as 
an  antenna  for  its  resonant  frequency,  and  hence,  there  is  some  possible  interfer¬ 
ence  frequency  at  which  it  acts  as  an  antenna. 

This  interference  is  eliminated  by  effective  shielding  of  the  control  cable.  Ac¬ 
tually  alii  leads  carrying  pulse  currents  should  be  shielded  and  routed  separately. 
However,  no  interference  path  may  be  neglested.  The  control  leads  should  be  grouped 
in  a  separate  amphenol  connector  which  incorporates  an  internal  grounding  ring  for 
better  grounding  of  the  shields  to  the  chassis.  Feed-through' capacitors  located  in 
the  connector  will  help  suppress  very  high  frequency  interference. 

Electrical  control  cables  which  terminate  in  the  receiver  and  are  run  in  a  group 
*  of  wires,  ipay  introduce  interference  signals  into  the  receiver  wiring  through  induc¬ 
tive  or  capacitive  coupling.  When  feasible,  isolation  of  cabling  is  effective;  how¬ 
ever  in  sopne  cases  fRters  are  required.  The  filter  shoidd  be  applied  at  the  point  of 
entry  of  the  Control  cable  to  the  receiver  and  may  easily  be  incorporated  in  the  orig¬ 
inal  receiver  design.  Usually  it  is  a  low-pass  filter,  and  the  frequencies  to  be  fil¬ 
tered  put  may  be  \dtra-high,  very-high,  or  medium-high  frequencies  depending  on 
the  fjrequency  range  of  the  receiver  with  which  it  is  to  be  used.  For  this  reason  it 
is  desirable  to  include  it  in  the  original  receiver  design.  The  low-pass  filter  will 
not  attenuate  interference  conducted  to  the  receiver  on  the  fundamental  frequency  of 
a  radar  transmitter.  This  will  require  aline  filter  of  ultra-high  frequency  design 
installed  within  the  receiver.  These  may  be  series -resonant  mica  capacitors  or 
sparkplates  of  the  type  discussed  under  ignition  interference  in  Paragraph  3.  2.  3.  1, 

3, 4, 1 . 4  AUDIO  OUTPUT  LEADS 

Though  designed  to  carry  audio  intelligence,  phone  leads  may  also  act  as  a 
pick-up  for  interference.  Power  line  frequencies  that  gain  access  to  the  audio  out¬ 
put  circuit  over  the  phone  leads  may  be  amplified  sufficiently  to  become  audible  in 
the  headset.  The  receiver  output  circuit  should  incorporate  design  features  that  will 
minimize  reverse  coupling  through  the  receiver  stages  and  prevent  amplification  of 
unwanted  audio  frequencies.  Phone  leads  must  he  kept  separate  from  any  wiring 
carrying  alternating  current,  and  the  compact  construction  of  aircraft  receivers  may 
make  it  advisable  to  shield  the  audio  system  from  the  radio-frequency  section  within 
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the  receiver  case. 

Once  interference  signals  enter  a  receiver,  they  gain  access  to  amplification 
stages  in  various  ways  and  with  varying  degrees  of  attenuation.  Tuned  circuits  may 
be  susceptible  to  coupling  with  filament  or  relay  wiring.  Inadequate  case  and  inter¬ 
stage  shielding  are  coupling  paths  which  also  increase  susceptibility.  Production 
methods  of  cabling  provide  tight  coupling  between  interference-carrying  wires  and 
high  impedance  input  and  sensitivity  control  circuits.  Receivers  employing  band 
switching  appear  to  be  more  susceptible  because  of  inadequate  shielding  between 
radio  frequency  coils. 

The  radio  mterference  signals  that  gain  access  to  the  receiver  case  must  even¬ 
tually  reach  the  last  RF  stage  or  second  detector  in  order  to  adversely  affect  the 
receiver  output.  This  internal  interference  path  cangeneraliy  be  eliminated  by  pro¬ 
per  design  of  the  output  stage.  Reverse  coupling  either  through  the  tube  itself  or 
through  the  associated  circuitry,  can  be  greatly  reduced  by  careful  selection  of  cir¬ 
cuit  components  and  internal  stage  shielding. 

If  the  interference  injected  into  the  audio  leads  is  at  radio  frequencies,  a  simple 
by-pass  capacitor  is  usually  sufficient  to  prevent  its  entry  into  the  receiver.  Satis¬ 
factory  operation  is  usually  achieved  by  installing  a  0,01  pf  capacitor,  or  smaller 
value,  between  the  audio  "hot"  lead  and  the  receiver  case  at  the  point  where  the  lea^d 
enters  the  receiver.  This  capacitor  offers  a  high  impedance  to  audio  frequencies, 
hut  presents  a  loyr  impedance  path  to  the  radio  frequency  energy. 


The  use  of  filtering  as  well  as  shielding  of  the  phone  leads  is  sometimes  nec¬ 
essary  to  prevent  radio  frequency  interference  and  any  extraneous  audio  disturbances. 
Shielding  is  accomtplished  in  the  conventional  manner;  a  metallic  sheath  covering 
the  phone  le?ids,  and  the  sheath  well  grounded  to  the  receiver  case. 

3.  4.  1.  5  CASE  SHIELDING 

The  primary  purpose  of  the  receiver  case  must  be  to  shield  the  receiver  from 
ainy  external  interference  fields.  The  number  of  mechanical  discontinuities  must  be 
kept  to  an  absolute  minimum,  and  those  that  are  required  must  be  electrically  con¬ 
tinuous  across  the  interface.  A  multiple  point,  spring  loaded  contact  is  a  very  ef¬ 
ficient  method  of  obtaining  electrical  continuity. 

Bonded  screening  of  suitable  conducting  material  ‘must  oo  used  to  cover  all 
louvres  and  other  apertures  used  for  ventilation.  No.  8  mesh  should  be  sxifficient  for 
screening  out  most  frequencies  used  in  present-day  equipments. 

The  multiple  point,  spring  loaded  contacts  mentioned  could  be  constructed  in 
a  number  of  ways.  In  general,  a  serrated  shim  inserted  in  the  aperture  of  the  dis¬ 
continuity  will  be  satisfactory.  The  serration  gives  enough  spring  pressure  at  its 
points  of  contact  for  electrical  continuity,  and  no  spring  pressure  is  required  at  any 
other  point  on  the  shim.  A  sketch  of  a  spring  joint  and  a  serrated  spring  is  shown 
in  Figure  3.4.1.5-A.  The  materials  used  in  constructing  the  shims  could  be  beryl¬ 
lium  copper,  germcin  silver,  phosphor -bronxie,  sheet  steel,  or  tempered  aluminum. 
The  receiver  case,  however,  should  be  constructed  of  the  same  materieil  to  prevent 
corrosion  and  resultcint  electrical  discontinuity.  If  the  materials  are  different,  the 
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shim  must  be  protected  by  cadmium  plating  or  alternative  methods  providing  good 
electrical  contact  while  preventing  corrosion.  This  practice  likewise  conforms  with 
service  specifications. 
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Fig.  3.  4.  1.  5  Mtiltiple  Point  Spring  Loaded  Contact  Joint 

Receiver  plugs  must  be  free  of  paint  or  varnish  between  plug  shell  and  receiver 
case,  as  well  as  between  the  plug  and  its  shell.  Such  non-conducting  materials  at 
these  points  produce  electrical  discontinuities  which  could  be  a  source  of  serious 
interference  to  normal  receiver  operation.  The  shield  ground  likewise  must  extend 
completely  around  the  plug. 

Mention  has  been  made  of  tests  conducted  on  representative  communication 
receivers  to  determine  their  susceptibility  to  interference.  Of  these  Receiver  *'A” 
is  the  best  approach  to  a  low-interference  installation.  The  receivers  are  compact, 
carrying  the  dynamotpr  outside  the  shielding,  and  are  housed  in  alu¬ 
minum  covers.  The  covers  are  fastened  down  to  the  chassis  and  front  panel  almost 
continuously  with  screws.  The  radio-frequency  sections  are  very  well  shielded  on 
the  interior.  Serviceability  is  sacrificed  in  favor  of  interference  reduction.  How¬ 
ever,  a  large  percentage  of  the  present  airborne  communication  receivers  have  poor 
case  shielding  which  will  not  effe ctively  attenuate  radar  energy  when  it  impinges  on 
the  receiver  case.  The  case  shielding  could  be  decidedly  improved  in  design  by 
providing  that  all  joints  in  the  case  make  multiple  contact  around  their  peripheries. 
The  serrated  spring  shims,  as  previously  mentioned,  could  be  installed  between 
joints,  and  all  louvres  or  openings  in. covered  with  copper  screening  effec¬ 
tively  bonded  to  the  case. 


Shielding  effectiveness  also  hinges  on  the  thickness  of  the  shield  and  the  type 
of  material  used.  The  depth  of  penetration  of  interfe  rence  currents  in  the  metal  wall 
is  discussed  in  Paragraph  3.1.2.  Considerable  attention  is  being  given  the  develop¬ 
ment  of  effective  shields  at  the  present  time.  See  Appendix  XI.  An  excellent  degree 
of  attenuation  is  a  definite  possibility  using  thin- walled  ferrous  metal  shields  of  high 
effective  permeability,  and  plated  withnon-ferrous  rr.etals  of  high  conductivity.  Plat¬ 
ing  the  shield  with  a  non-ferrous  metal  increases  its  reflection  loss. 
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3.4.2  INTERNAL  COUPLING 

The  most  direct  coupling  path,  and  one  having  least  attenuation,  is  through  the 
radio  frequency  filetment circuits.  Interference  entering  receivers  through  the  power 
input  leads,  branches  directly  into  the  filament  wiring.  Several  tests  madeonrepre- 
sentative  receivers,  showed  an  average  attenuation  of  5  to  10  db  measured  between 
the  input  plug  and  first  radio  frequency  filament.  Further,  the  first  radio  frequency 
stage  filament  was  isolated  from  the  power  supply  and  separately  heated.  When  the 
signal  was  fed  into  the  isolated  filament,  the  receiver  output  was  essentially  the  same 
as  with  normal  operation.  However,  keeping  the  first  radio  frequency  filament  iso¬ 
lated,  and  applying  the  signal  to  the  remaining  filaments,  the  outputs  of  Receivers 
"B”  and  ”C»^  were  down  10  <ib  while  the  Receiver  output  was  down  about  30  db. 
Tests  were  also  made  with  first  and  second  stages  inoperative.  Tabulated  results 
showed  that  approximately  90,  percent  of  the  interference  response  in  a  receiver  is 
due  to  excitation  in  the  first  radio  frequency  stage,  and  that  interference  entering  a 
receiver  through  the  power  input  leads  is  largely  coupled  into  the  first  radio  fre¬ 
quency  stage  through  the  filsment'grid  cspacitsncs.  This  capaciti^ce  was  found  to 
he  approximately  5  to  6  njif.  Figure  3,4.2  shows  the  results  of  the  described  tests 
for  typical  HF  command  receiving  equipment  ^(Receiver  'A"), 


Command  Receivers 
Input  to  R«F  Filament 
Filament  isolated  from 
IM2  Power  and  Heated 
by  3e  Battery, 

Input  to  D-C  Power  him 
Filament  Normal, 

Input  to  Isolated  R-F 
Filament  with  choke  in 
Filament  Circuit. 
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Frequency  in  MC 

Fig,  3,4,2  Attenuation  with  Reference  to  Antenna  Input  Voltage 
3.4.3  SPECIAL  CIRCUITS 

Where  special  circuits  are  devised  for  coping  with  a  certain  type  of  interference. 


3  -  196 


3.4.3.  1 


ji.xjrxuja^  jC\.aiiV.*Sb.i  v  J^|\* 


tliey  may  be  incorporated  in  any  receiver  if  that  receiver  is  susceptible  to  that  inter¬ 
ference  type.  For  example,  a  gated  amplifier  is  used  to  operate  a  radar  receiver 
only  during  selected  intervals  of  time.  This  same  circuit  may  be  used  to  block  a 
counting  circuit  during  an  interfering  pulse,  as  in  the  case  of  an  altimeter.  Such 
pulses  may  also  be  used  as  blanking  pulses  to  turn  off  the  beam  of  a  cathode-ray 
tube,  in  order  to  eliminate  a  horizontal  retrace  line,  A  basic  circuit  performs  a 
basic  function.  The  circuit  may  be  used  wherever  there  is  need  for  that  function. 

3.4.  3.1  RADIO  KECEIVERS 

The  tuned  circuit  of  a  radio-frequency  input  stage  is  essentially  a  band-pass 
filter.  It  usually  has  the  characteristic  of  high  selectivity,  passing  the  frequencies 
within  its  acceptance  band,  while  rejecting  all  others.  When  unwanted  signeds  or 
interference,  comparable  in  amplitude  to  the  desired  signals,  appear  in  the  frequency 
ranges  adjacent  to  the  pass  band,  they  are  effectively  attenuated  by  the  tuned  circuit. 
Succeeding  stages  will  further  attenuate  the  minor  amourAt  of  interference  which  does 
pass  through  the  first  stage.  However,  if  the  interference  is  very  strong,  of  the 
order  of  volts  as  it  may  well  be  from  a  neighboring  highpowered  radar  \mit,  the  re¬ 
ceived  impulse  will  produce  ringing  of  the  tuned  circuit  at  its  natural  resonant  fre- 
queney.  This  effect  is  passed  along  and  amplified  in  conjimction  with  the  normal 
signals,  and  the  interference  will  appear  in  the  output.  Theseime  is  true  of  extremely 
strong  radiation  from  a  radio  transmitter  operating  on  an  adjacent  cheuinel.  Evea- 
though  the  transmitted  energy  is  attenuated  by  the  tuned  circuit  of  the  receiver,  the 
response  is  still  high  within  the  pass -band,  and  the  familiar  effect  known  as  cross¬ 
talk  occurs  in  the  output.  Therefore,  it  is  necessary  to  provide  for  interference 
reduction  by  design  techniques. 

By  using  more  than  one  radio  frequency  stage,  additional  selectivity  may  be 
provided  between  the  antenna  iriput  and  the  converter  unit.  It  is  possible  to  increase 
bothselectivity  and  fidelity  by  adding  more  stages,  in  cascade.  This  involves  broader 
tuning  of  the  individual  stages  to  avoid  a  loss  of  fidelity  by  using  compact  coils  wound 
with  relatively  small  wire.  The  resultant  reduced  Q  causes  a  loss  in  gain  which  is 
offset  by  the  additional  number  of  stages.  A  simple  arrauigement  for  increasing 
selectivity,  by  means  of  an  extra  tuned  circuit,  is  illustrated  in  Figure  3. 4.  3.  If  A. 


To  Converter 


Fig.  3,4,3,  1-A  Additional  Tuned  Circuit  Preceding  Converter 


Such  circuits  will  also  provide  isolation  of  the  oscillator  stage  and  help  prevent 
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radio  frequency  energy  at  the  oscillator  frequency  from  reaching  the  antenna  and 
causing  xindesirable  radiation.  However,  they  do  not  satisfactorily  suppress  inter¬ 
ference  consisting  of  strong  pulses.  A  wave  trap  in  the  antenna  circuit  is  required 
to  properly  eliminate  strong  interfering  pulses.  This  is  pointed  out  in  Paragraph 
3.  1.4.  2. 

Limiter  circuits  may  be  incorporated  in  receivers  with  the  following  limita¬ 
tions  ; 

(a)  They  are  suitable  only  for  use  in  receivers  which  have  some  radio  fre¬ 
quency  gain  and  rectify  at  a  fairly  high  level,  at  least  0.1  volt. 

(b)  Limiters  are  useful  for  suppressing  low-pvilse  recurrence  frequencies  be¬ 
low  100  times  a  second,  but  are  less  effective  for  suppressing  those  up  to 
500  times  a  second. 

The  length  of  an  interfering  pulse  may  be  considerably  increased  as  it  passes 
through  successive  stages  of  a  receiver.  This  is  a  direct  result  of  the  tuned  cir¬ 
cuits  "ringing"  when  subjected  to  pulse  excitation.  {See  Paragraph  1.7.2.)  The 
time,  t^,  in  microseconds  which  it  takes  for  the  amplitude  of  the  pulse  to  fadl  to 
approximately  4  percent  of  its  initial  value  is  given  by  the  reciprocal  of  the  band¬ 
width  in  megacycles  of  the  tuned  circuit: 

tp  (microseconds)  =  l/(  Band  width  me) 

The  ringing  waveform  in  combination  with  the  local  oscillator  frequency  will  then 
produce  a  ring  at  the  intermediate  frequency  of  the  receiver  and  appear  in  the  output. 

A  circuitrequired  to  pass  short  pulses  without  distortion  must  be  able  to  pass 
a  wide  range  of  frequencies.  For  ex2imple,  a  video  pulse  amplifier  must  have  a  rea¬ 
sonably  flat  frequency  response  up  to  high  frequencies.  If  the  bandwidth  of  a  tuned 
circuit  is  large,  the  pulse  will  not  be  lengthened  to  any  marked  extent,  and,  because 
the  pulse  is  of  short  duration,  the  limiting  action  will  be  much  more  effective.  The 
pulse  that  is  superimposed  on  the  desired  signal,  is  prevented  from  reaching  the 
audio  section  by  the  action  of  the  limiter.  At  the  same  time  there  is  negligible  dis¬ 
tortion  of  the  desired  signal  due  to  the  short  time  interval’ of  the  pulse  as  compared 
to  the  period  of  the  signal. 

However,  unavoidable  interference  power  in  the  outputof  an  simplifier  increases 
in  proportion  to  the  bandwidth.  Furthermore,  the  gain  per  stage  in  an  ampl’ifier  is, 
in  general,  inversely  related  to  bandwidth,  so  that  for  a  given  overall  amplification  a 
broadband  simplifier  requires  more  stages  than  one  with  a  narrower  band.  It  thus 
becomes  important  to  judge  the  best  band’width  for  a  particular  application. 

Pulses  with  low  repetition  rates  are  adequately  suppressed  by  limiters  while 
higher  recurrence  rates  wovild  cause  a  proportionately  larger  amount  of  interference 
at  the  output  terminals.  Thus  low  repetition  rate  and  a  large  bandwidth  represent 
ideal  conditions  under  which  to  operate  limiters. 

The  second  detector  is  the  first  part  of  a  receiver  where  an  amplitude  limiter 
can  effectively  be  placed.  The  radio  frequency  voltages  at  the  input  to  the  receiver 
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are  too  small  to  operate  any  known  forms  of  limiter  or  rectifier.  Usually  the  inter¬ 
fering  pulse  at  the  second  detector  has  not  become  too  long  for  effective  Ijimiting. 
l^ulse  lengthening  is  a  function  of  initial  energy  and  the  bandwidth  of  intervening  cir¬ 
cuits.  Jjimiters  will  require  less  operating  time  with  low  initial  amplitudes  of  an 
interfering  pulse  and  greater  bandwidth  in  the  tuned  circuits.  The  duration  of  the 
pulse  at  the  point  of  limiting  is  a  very  important  factor  because  a  portion  of  the  de¬ 
sired  signal  is  affected  every  time  the  limiter  comes  into  action. 

Dimiters  are  primarily  restrictive  devices  and  distortion  will  result  from  their 
use,  particularly  when  the  input  exceeds  the  limiting  threshold.  Limiters  of  the  in¬ 
stantaneous  interference-peak  type  generally  distort  the  output  whenever  the  modu¬ 
lation  of  the  incoming  signal  exceeds  a  definite  percentage.  The  distortion  effects 
can  be  intensified  by  the  transient  distortion  characteristics  of  the  audio  amplifier. 
In  general,  it  is  desirable  to  use  triode  tubes  in  the  audio  amplifier  or  degenerative 
feedback  sufficient  to  prevent  oscillations  because  of  insufficient  damping  of  the  out¬ 
put  circuit. 

When  both  a  modulated  carrier  and  pulses  of  interference  are  present  at  the 
output  of  the  final  intermediate  amplifier,  then  the  current  through  the  audiofrequency 
output  resistor  is  of  the  form  shown  in  Figure  3.4.  3.  l-B, 
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Fig,  3.4.3,  1-B  Current  Through  Limiting 
Diode  Showing  Limiting  Action  on  Interfering  Pvilses 

If  the  cut-off  point  Is  adjusted  to  coincide  with  the  negative  peaks  of  the  audio  wave¬ 
form  then,  as  observed  in  the  figure,  maxintum  attenuation  of  the  interfering  pulse 
would  occur  with  minimum  distortion  of  the  audio  waveform.  Under  the  ideal  con¬ 
dition  of  wide  bandwidth,  as  is  commonly  encountered,  in  very  high  frequency  re¬ 
ceivers,  a  series  limiter  provides  an  average  attenuation  of  30  to  35  db  of  the  un¬ 
wanted  pulse.  These  limiters  also  offer  some  degree  of  protection  in  receivers 
operating  in  the  lower  frequencies  and  at  their  widest  possible  band  acceptance.  Am¬ 
plitude  limiting  gives  a  Vciluable  degree  of  protection  against  atmospheric  and  ignition 
interference. 

Parallel  limiters  are  not  as  effective  as  series  limiters,  and  under  the  same 
ideal  conditions  mentioned  previously,  provide  an  attenuation  generally  of  about  20 
db  of  the  interfering  pulse.  Furthermore,  they  do  produce  distortion  of  the  audio 
waveform  since  they  reduce  the  output  by  shunting  action,  but  are  not  a  complete 
short  circuit.  The  time,  to,  during  which  distortion  occurs,  varies  inversely  with 
the  percent  of  modulation.  In  general,  it  is  less  than  O.l  millisecond  above  SO  per¬ 
cent  modulation,  as  may  be  observed  in  the  typical  graph  of  Figure  3.  4.  3.  1-C. 
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Fig,  3,  4,  3. 1-C  Distortion  Interval  of  Audio 
Waveform  Measured  Against  Percent  Modulation 


There  are  cases  where  interference  pulses  with  frequencies  of  the  order  of  200 
megacycles  penetrate  the  receiver  case  or  enter  through  external  leads  and  are  in¬ 
ternally  coupled  to  the  audio  frequency  amplifiers  at  svifficient  amplitude  to  result 
in  grid-circuit  detection  of  the  ptilse.  In  such  cases  satisfactory  suppression  is 
obtained  by  the  use  of  a  resistance -capacitance  decoupling  network.  This  combina¬ 
tion  has  very  little  effect  upon  the  audio  frequency  signals,  but  will  greatly  attenuate 
the  interfering  energy  due  to  the  low  input  impedance  of  the  grid  circuit  at  high  fre¬ 
quencies.  A  typical  circuii  is  shown  in  Figure  3. 4, 3.  l-D, 


Fig.  3, 4,  3. 1-D  R-C  Decoupling  Network  at  Input  to  First  AF  Stage 

It  is  quite  possible  for  the  interference  entering  through  the  amplifier  case  or 
external  leads  to  the  amplifier  to  be  present  in  any  part  of  the  amplifier  circuit. 
This  necessitates  precautions  in  each  stage  of  the  amplifier.  Generally  the  first 
stage  is  most  important  since  greater  gain  results  in  subsequent  stages.  The  block¬ 
ing  resistor  of  the  resistance -capacitance  network  is  in  series  with  the  grid  and  lo¬ 
cated  as  close  as  possible  to  the  tube  terminal.  The  use  of  a  short  connecting  lead 
wire  will  minimize  interference  injection  between  the  series  resistor  and  the  tube. 
This  combination  is  similar  to  an  L-type  filter  with  the  inductance  replaced  by  a 
resistance.  The  resistance  should  be  designed  to  be  much  greater  than  the  reactance 
of  the  capacitor  for  the  interference  frequencies.  A  ratio  of  10;1  is  useful  in  prac¬ 
tice.  This  permits  most  of  the  interfering  energy  to  be  shunted  to  ground. 

Resistance-capacitance  networks  are  usefully  employed  as  decoupling  networks 
in  the  plate  circuits  of  an  amplifier  to  prevent  interstage  coupling  and  possible  os¬ 
cillations.  The  voltage  output  obtained  from  a  common  B  supply  is  not  fixed  but 
varies  with  the  current  demand.  Also,  any  ripple  appearing  at  the  output  of  the 
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power  supply  filter  is  impressed  on  all  the  amplifier  grids,  except  the  first.  When 
using  a  decoupler  the  voltage  across  the  condenser  is  very  nearly  constant  and  in¬ 
dependent  of  any  power  supply  variations.  The  networks  act  independently  of  one 
another  and  thus  isolate  the  stages.  A  cascade  arrangement,  where'  the  first  stage 
X>ossesses  the  largest  amount  of  decoupling,  is  illustrated  in  Figure  3.4.  3, 1-E, 


w 
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Fig.  3.4,  3.  1-E  Decoupling  Networks  in  Cascade 
3.  4,  3.  2  RADAR  RECEIVERS 

The  problem  of  interference  rejection  in  radar  receivers  is  somewhat  different 
from  that  encountered  in  communication  receivers ,  since  r  adar  interference  is  nearly 
always  the  result  of  signals  occurring  so  close  to  the  radar  frequency  that  very  little 
can  be  done  by  improving  receiver  selectivity.  The  ability  to  deliver  intelligible 
information  to  the  radar  indicators  in  the  presence  of  on-frequency  interference 
gives  a  better  indication  of  the  radar  's  quality  thsm  its  selectivity  in  the  usual  sense 
of  the  word,  i.  e. ,  the  ability  to  reject  disturbances  at  frequencies  other  than  the 
desired  signal  frequeucy. 

Most  receivers  have  sufficient  amplification  to  give  appreciable  interference 
outputs  in  the  absence  of  a  received  signal,  for  which  reason  the  sensitivity  of  a 
radar  receiver  is  nearly  always  determined  by  its  susceptibility  to  interference. 
Furthermore,  amplitude -modulated  interference  is  of  greater  concern  in  radar  re¬ 
ceivers  than  frequency -modulated  interference  because  amplitude  modulation  en¬ 
velopes  approximate  rectangtdar  pulses  in  shape.  Since  adequate  detection  of  rec¬ 
tangular  envelopes  depends  more  on  receiver  bandwidth  and  phase  shift  tham  on  lin¬ 
earity  of  amplitude  response,  non-linear  amplitude  response  in  the  form  of  limiting 
is  permissible  in  most  radar  receivers.  The  limiter  suppresses  the  amplitude- 
modulated  interference  and  produces  a  visual  output  relatively  free  from  interfering 
signals,  even  though  the  frequency-modulated  interference  actually  may  be  increased 
by  the  action  of  the  limiter. 

Three  main  types  of  receivers  are  used  in  radar  applications  which  differ  in 
regard  to  the  frequency  region  within  which  most  of  the  necessary  signal  eimplifica- 
tion  results:  (l)  superheterodyne  receivers  which  convert  the  modulated  radio  fre¬ 
quency  signals  to  an  intermediate  level,  at  about  30  megacycles,  before  amplifica¬ 
tion;  (2)  super -regenerative  receivers,  which  use  a.  regenerative  radio -frequency 
amplifier,  with  the  oscillations  quenched  in  a  time  interval  about  equal  to  a  pulse 
width;  and  (3)  crystal  video  receivers,  which  detect  the  modidation  signals  and  am¬ 
plify  the  resulting  video  signals.  The  majority  of  microwave  radar  receivers  are 
of  the  superheterodyne  type  since  this  permits  the  largest  amount  of  amplification  to 
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take  place  in  a  fixed-tuned  amplifier. 


At  frequencies  below  the  microwave  region,  the  *rst  detector  may  be  preceded 
by  one  or  more  stages  of  radio-frequency  amplifica.tion.  The  crystal  mixer  may  be 
replaced  by  a  vacutim  tube  mixer.  The  additional  gain  obtained  from  the  radio  fre¬ 
quency  stages  results  in  better  image  rejection,  improved  signal-to- interference 
ratio,  and  reduction  of  the  radiation  of  local  oscillator  power. 

Most  airborne  radar  systems  today  operate  in  the  microwave  region,  and  mix¬ 
ers  for  use  at  frequencies  higher  than  3000  me  are  usually  of  the  waveguide  rather 
than  coaxial  type.  At  these  frequencies  the  local  oscillator  contributes  rather  ser¬ 
ious  interference  energy  which  can  be  sharply  reduced  by  using  a  balanced  mixer. 
One  form  of  balanced  mixer  is  the  waveguide  magic-tee,  as  illustrated  in  Figure 
3,4.3,2-A,  with  the  cryst*ds  installed  in  the  arms  of  the  waveguide,  parallel  to  the 
electric  field. 


Fig,  3. 4.  3.2-A  Magic Tee  Balanced  Mixer 

The  arrows  in  the  figure  indicate  the  direction  of  the  electric  field  in  each  arm. 
A  waveguide  type  of  mixer  divides  the  local  oscillator  power  equally  between  the  two 
arms  containing  m^ystals  A  and  B  and  prevents  energy  transmission  but  of  the  signal 
input  arm.  A  simple  and  rather  obvious  explanation  for  such  a  characteristic  follows 
directly  from  the  geometrical  arrangement  of  the  four  arms.  The  arms  containing 
the  crystal  mixers  and  the  local  oscillator  input  arm  form  a  shunt  tee  and  provide 
for  the  continuity  of  the  local  oscillator  electric  field  between  the  arms.  Similarly, 
the  crystal  arms  and  the  signal  input  arm  form  a  series  tee  and  provide  for  the  con¬ 
tinuity  of  the  signal  input  magnetic  field  between  the  arms.  Thus  the  local  oscillator 
and  the  signal  input  powers  divide  equally  between  the  crystal  arms  when  the  imped¬ 
ances  of  these  arms  are  matched.  However,  since  there  is  no  provision  for  con¬ 
tinuity  of  either  electric  or  magnetic  components  of  the  transverse  electric  wave  be¬ 
tween  the  signal  input  arm  and  the  local  oscillator  arm,  no  energy  can  be  transferred 
from  one  to  the  other.  Therefore,  local  oscillator  radiation  is  minimi2sed  through 
the  use  of  a  magic -tee  balanced  mixer. 

A  crystal  mixer  has  a  gain  of  less  than  unity,  making  it  mandatory  to  control 
the  interference  developed  at  the  input  stages  of  the  intermediate -frequency  aunplifier . 
Triodes  are  preferred  to  pentodes  in  these  stages  because  of  their  lower  interference 
characteristics,  but  they  cannot  always  be  used  because  of  their  large  input  capaci¬ 
tance  which  leads  to  extremely  poor  performance  at  frequencies  as  high  as  30  mega¬ 
cycles.  In  the  circuit  shown  in  Figure  3.4.3.2-B  triodes  are  used  in  the  intermediate 
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frequency  30  megacycle  aj'nplifiers.  The  triode™ connected  6AK5  vacuum  tube  has  a 
load  impedance  of  about  200  ohms  pr  esented  by  the  cathode  of  the  second  tube*  This 
low  impedance  secures  stability  of  the  first  tube,  whereas  in  the  second  tube  stability 
results  from  the  grounded  grid,  shielding  the  input  {on  the  cathode)  from  the  output. 
The  neutralizing  coil  between  plate  and  grid  of  the  first  tube  confers  extra  stability. 
It  helps  to  prevent  the  output  impedance  of  the  first  tube  from  falling  off,  and  results 
in  minimizing  the  interference  from  the  second  tube.  This  circuit  yields  an  inter  * 
mediate  frequency  interference  figure  about  2  db  lower  than  a  similar  intermediate- 
frequency  input  employing  a  pentode. 


Fig,  3. 4.  3.  2-B  Diagram  of  Grounded-Cathode, 
Grounded-Grid  Dual  Triode  Input  for  30  MC  IF  Amplifier 


Since  interference  in  the  output  of  an  amplifier  increases  in  direct  proportion 
to  the  bandwidth,  it  is  important  to  restrict  the  intermediate  frequency  bandwidth  as 
much  as  possible.  It  must  be  sufficient,  however,  for  adequate  transmission  of  the 
signal.  If  a  radar  system  is  employed  for  search  purposes,  then  the  visibility  of  an 
echo  in  the  presence  of  interference  is  the  primary  measure  of  performance.  In 
that  case  the  best  circuit  bandwidth  has  been  found  to  be  l/T  cps,  where  T  is  the 
p\jlse  width.  This  resvdts  iw  an  intermediate  frequency  amplifier  bandwidth  of  2/T 
cps  in  order  to  transmit  the  double -sideband  signal  at  this  point.  Thus  certain  fire- 
control  radar  equipments,  making  use  of  the  leading  or  lagging  edge  of  a  received 
pulse  for  precise  range  measurements,  require  a  broader  bandwidth  to  assure  a 
minimum  rise  time  of  the  displayed  pulse  and  consequently  a  more  precise  deter¬ 
mination  of  the  position  of  the  pulse.  For  example,  a  radar  pulse  width  of  about  5 
microseconds  would  require  a  bandwidth  of  1/5  x  10^  cps  or  0.2  me.  A  short  pulse 
of  1/5  microsecond  duration,  however,  requires  a  bandwidth  of  5  me. 


Consideration  must  be  given  to  the  behavior  of  the  radar  receiver  in  the  pres¬ 
ence  of  excessive  signal  strength,  as  from  neighboring  radar  or  "jamming"  sig¬ 
nals.  Intentional  jamming  may  be  of  the  "window"  type,  that  is,  it  may  be  caused 
by  strips  of  metallic  foil  which  cause  numerous  fluctuating  echoes  and  thus  obscure 
the  presence  of  aircraft  or  it  may  be  caused  by  radio  waves,  either  modulates  or 
unmodulated  from  jamming  transmitters.  The  most  common  form  of  modulation  is 
that  by  long  pulses,  termed  "railings"  because  of  their  appearance  on  a  scope.  Ac¬ 
cidental  jamming  may  be  caused  by  strong  echoes  from  land  targets,  rough  water 
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surfaces,  or  clouds.  It  majr  also  be  caused  by  other  high  frequency  equipments,  and 
if  so  will  appear  either  as  continuous  wave  or  as  "railings"  jamming. 

The  main  purpose  of  anti~jsimming  circuits  is  to  prevent  receiver  saturation. 
Manual  adjustments  are  impractical  because  it  is  quite  impossible  to  follow  the  rapid 
fluctuations  in  jamming  with  a  manual  control,  A  signal  of  80  db  above  normal  re¬ 
ceiver  interference  level  coupled  with  50  dbof  clutter  would  appear  as  a  30  db  signal 
if  the  receiver  gain  were  properly  reduced.  With  normal  gain,  however,  the  signal 
would  be  invisible  since  the  clutter  would  saturate  the  receiving  system.  This  is 
particularly  true  in  the  case  of  an  intensity-modtilated  indicator,  such  as  a  plam 
position  indicator.  When  the  beam  intensity  is  increased  tod  much  the  focus  is  de¬ 
stroyed,  and  the  spot  is  said  to  "bloom".  The  plan  position  indicators  have  a  small 
dynamic  range,  around  10  to  20  db,  and  therefore  require  a  limiter  stage  in  the  pre¬ 
ceding  video  amplifier.  This  prevents  strong  signals  from  causing  blooming. 

Four  types  of  circuits  are  usefvil  against  jamming  and  clutter: 

(a)  Sensitivity  time  control  circuit.  These  circuits  control  the  receiver  gain 
as  a  function  of  time  after  the  initial  radar  pulse.  The  gain  is  reduced 
when  the  radar  pulse  is  first  sent  out  and  then  gradually  increased  to  nor¬ 
mal  value  as  determined  by  the  time  constants  of  the  receiver.  Sinjce  gain 
is  made  a  function  of  distance,  this  circuit  is  useful  only  when  a  desired 
echp  is  greater  in  amplitude  thaui  the  interference  echoes  at  adl  rangeS| 
and  when  their  ratio  is  maintained  for  increasing  ranges.  This  is  possible 
only  when  the  interference  source  is  a  target  w;ithout  strong  directional 
characteristics,  such  as  sea  or  land  surfaces, 

(b)  Automatic  gain  control  circuits.  An  instaptaneous  automatic  gain  control 
rapidly  decreases  the  gain  of  an  intermediate -frequency  stage  when  the 
stage  output  increases  beyond  a  value  determined  by  the  circuit  constants. 
This  action  prevents  stage  saturation.  It  is  advisable  to  protect  the  last 
two  or  three  IF  stages  with  this  type  of  control.  The  circuit  usually  op¬ 
erates  with  a  time  constant  of  about  20  microseconds. 

(c)  Short-time  -constant  networks .  The  coupling  between  the  second  detector 
and  first  video  stage  is  provided  with  a  very  short-time -constant  network. 
The  network  serves  to  remove  or  attenuate,  by  differentiator  action,  the 
DC  and  low-frequency  components  encountered  in  continuous  wave  or  low- 
frequency  modulated  jamming.  The  time  constant  is  usually  made  equal  to 
the  radar  pxU.se  width. 

(d)  Bias -control  circuits.  These  circuits  automatically  supply  a  bias  to  the 
second  detector  which  prevents  the  high-frequency  components  of  inter - 
ference-modxUated  jamming  or  clutter  from  saturating  the  video  section. 
The  circuit  can  be  designed  with  a  short-time  constant.  For  this  reason 
a  delay  network  is  also  necessary  so  that  individual  signals  will  not  he  re¬ 
duced  in  amplitude,  i.  e, ,  cut  off  too  soon. 


The  short-time -constant  and  the  bias -control  circuits  are  most  effective  when 
used  in  conjunction  with  the  instcintaneous  automatic  gain  control  circuit.  At  fre¬ 
quencies  below  the  points  where  the  short-time -constant  circuit  cuts  off,  the  fast 
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time  constant  and  instantaneous  gain  control  are  an  effective  combination  against 
jamming  by  modulated  or  unna,od\ilated  continuous  waves.  Modulated  jamming  and 
most  types  of  clutter,,  especially  that  caused  by  clouds,  are  best  controlled  by  a 
combination  of  bias  ajad  instaaitaneous  automatic  gain  control. 

Higfe  power  pialsed  radar  systems  operating  near  each  ptfeer  c  an  readilyoause 
mutual  interference,  even  though  there  is  considerable  separation  of  their  operating 
frequencies.  The  radar  receiver  does  not  offer  sufficient  attenuation  for  extremely 
strong  off -frequency  signals.  Interference  may  also  be  caused  by  pick-up  of  the 
large  video  signals  radiated  from  a  nearbymodiiiator.  Blanking  circuits  have  offered 
the  most  effective  solution  to  this  type  of  interference.  A  receiy«r  gating  pulse  is 
developed  and  applied  to  one  or  more  intermediate -frequency  grids  and  synchronised 
with  the  transmitted  pulse  of  the  interfering  set.  (See  Special  Circuits,  Gating  Cir¬ 
cuit,  Paragraph  3. 1.4.  1. ) 

Receiver  gating  can  be  accomplished  in  the  intermediate -frequency  or  video 
section.  The  stage  may  be  cutoff  by  reducing  the  plate  or  so eeen  voltages,  by  mak¬ 
ing  the  suppressor  or  control  grid  voltages  negative,  or  the  cathode  voltage  positive. 
When  applied  to  an  intermediate  frequency  stage,  jhe  gating  pulse  does  not  produce 
any  disturbance  at  the  receiver  output,  since  the  amplifier  cannot  amplify  the  fre- 
qujencies  contained  ip  the  pulse.  However,  if  a  video  amplifier  is  gated,  the  gating 
pvdse  produces  a  pedestal  in  theoutput  on  which  the  normal  signals  ride.  This  occurs 
becattse  tl»e  video  amplifier  has  an  appreciable  response  in  the  range  of  frequencies 
contained  in  tbeptudse.  When  the  pedestal  is  present  in  theoutput,  it  may  be  removed 
if  necessary.  For  example,  a  pedestal  is  not  permissible  when  signals  are  applied 
to  ap  intensity-mndulated  cathode  ray  tube  since  such  a  tube  is  not  normsdly  biased 
beyond  visual  cut-off. 


i~r 


Fig.  3.  4.  3.  2-C  Cathode -Gated  6SL7  Video  Stage,  with  no  Pedestal  in  Output 
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A  xi^n-pedestaling  cathode-gated  video  s  tage  is  illustr  ated  in  Figure  3,4.3. 2-C, 
There  is  a  gain  of  about  vinity  and  sufficient  bandwidth  to  handle  pulses  of  about  one 
microsecond.  The  stage  is  capable  of  handling  positive  or  negative  signals  of  a  few 
volts  amplitude,  A  bSN7  multivibrator  ^Eccles -Jordan  circuit)  supplies  the  gating 
ptdse,  ^2^  3tid  y^B  cathode  followers  for  driving  the  bSL7  cathode,  while  V3B 
carries  the  output  plate  current  when  i»  gated  off.  When  YiA  is  conducting,  the 
positive  potential  on  the  cathode  of  ¥3^  rises  sufficiently  to  cut  the  tube  off.  When 
YjB  is  conducting,  then  ¥3^  is  similarly  cut  off. 


3. 4,  4  DESIC-N  CONSIDERATIONS  FOR  MINIMUM  OSCILLATOR  RADIATION 


Receivers  must  not  be  allowed  to  radiate  signals  whose  frequency  will  adversely 
affect  the  basic  function  of  other  electronic  equipments  in  an  aircraft,  or  in  other 
aircraft,  such  as  may  occur  in  flight  formations.  There  are  several  sources  of  in¬ 
cidental  radiation  in  receivers,  but  by  far  the  most  serious  is  the  high  frequency 
local  oscHlstor  radiation  of  a  receiving  system.  This  is  particularly  true  when  the 
receivers  operate  in  the  very  high  frequency  range  or  higher,  since  the  local  os¬ 
cillator  frequency  is  removed  from  the  carrier  by  only  a  small  percentage.  Radia¬ 
tion  interfereneefromoscillators  can  be  broken  down  to  two  types;  antenna  radiation 
and  chassis  radiation,  Eixisting  literature  deals  predominantly  with  antenna  radiation 
with  little  mention  made  of  the  problems  of  chassis  radiation.  In  the  lower  frequency 
ranges,^  where  the  chassis  is  small  compared  to  a  half  wavelength,  chassis  radiation 
is  no  profcjem.  However,  when  the  chassis  size  is  such  as  to  approach  half  wave 
resonance  at  a  particular  operating  frequency,  it  becomes  an  efficient  radiator. 
This  is  true  in  the  case  of  television  receivers  operating  in  the  frequency  range  of 
174  to  216  me,  The  chassis  usually  is  big  enough  to  approach  half  wave  resonance. 

3, 4, 4, 1  CHASSIS  RADIATION 

Certain  measures  designed  to  minimiae  oscillator  radiation  are  effective  for 
both  the  antenna  and  chassis  types  of  radiation.  The  appropriate  technique  of  shield¬ 
ing  will  aid  in  confining  the  local  oscillator  energy  so  that  reverse  treinsmission  by 
meansof  the  antenna  or  lead-in  will  not  occur.  It  will  also  prevent  the  excitation  of  the 
chaspis,  and  thus  prevent  chassis  radiation.  Triggering  of  Airways  Marker  Beacon 
receivers  by  television  local  oscillator  radiation  has  occurred  and  indicates  that 
this  form  of  undesirable  signed  radiation  does  take  place.  The  local  oscillator  of  a 
television  receiver  ip  about  21  me  above  the  station  being  tuned  in  and  when  channel 
2  ip  used,  64-  6Q  me,  the  local  oscillator  frequency  is  within  the  region  of  75  me, 
which  is  the  frequency  of  Airways  Marker  Beacons. 

The  problem  of  chassis  radiation  dictates  the  need  to  prevent  the  chassis  from 
becoming  excited  by  the  local  oscillator  energy  or  to  totally  reflect  the  energy  radi¬ 
ated  if  the  chassis,  is  excited,  A  metallic  receiver  case  will  aid  in  reflecting  energy 
which  is  radiated  by  the  chassis,  but  the  case  should  be  looked  upon  only  as  a  second¬ 
ary  or  outer  shield,  and  emphasis  placed  on  confining  this  energy  to  the  region  of 
the  local  oscillator  itself.  The  metal  case  functions  primarily  to  permit  an  inter¬ 
ference-free  region  within, 

A  high  degree  of  shielding  is  required  in  the  radio  frequency  section  of  air¬ 
craft  receivers,  for  the  purpose  of  reducing  their  susceptibility  to  interference.  It 
only  remains  to  extend  the  principle  of  shielding  to  include  the  problem  of  oscillator 


3  -  206 


3.4.4. 1 


GH^SIS  RADIATION 


radiation. 
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®lo  “  Open  circuit  local 
Oscil.  Voltage 
RjqS  External  damping 
on  local  oscil. 

Cj.  =  Coupling  reactance 
to  mixer  grid 
Cjjjs  Input  cajv  of  mixer 
^in”  Input  resistance  of 
mixer  circuit  and 
tube 

CgpS  Mixer  grid  plate 
.  capacitance 
Cq  M^er  output 
capacitance 


Fig,  3.4. 4.1 -A  Shielded  Lioc^  Oscillator  Equivalent  Circuit 


1 


Fig.  3.  4, 4. 1-B  Good  Oscillator  Design  Reduces  Chassis  Currents 

Figure  3.4.4, 1 -A  illustrates  an  equivalent  circuit  of  shielded  local  oscillator. 
To  restrict  the  electromagnetic  fields  to  the  immediate  vicinity  of  the  local  Qscil> 
lator,  the  oscillator  and  mixer  circuits  must  be  inclosed  in  a  conducting  shield  which 
is  as  continuous  as  possible.  The  shield  will  have  to  bs  fastened  to  the  next  larger 
support  member  at  points  of  equipotential  to  minimize  excitation  of  the  larger  sur¬ 
faces.  All  power  supply  leads  entering  the  shielded  area  must  be  filtered  for  radio 
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frequency  disturbaxices.  The  oscillator  must  be  designed  such  that  its  electromag¬ 
netic  fields  will  produce  a  minimum  of  current  in  the  shield  material.  This  may  be 
accomplished  by  (1)  the  use  of  a  single  point  ground  for  the  entire  oscillator  circuit, 
as  illustrated  in  Figure  3.4„4. 1-B,  (2)  orienting  the  oscillator  coil  so  that  its  field 
induces  minimum  current  in  the  surrounding  metal,  and  (3)  restricting  the  field  due 
to  the  oscillator  coil  by  its  own  individual  shield  or  vestigial  shielding  such  as  a 
shorted  turn  surrounding  the  shield.  Since  the  local;  oscillator  drives  the  mixer  or 
converter  vacuum  tube,  it  is  necessary  to  desigia  the  bandpass  networks  associated 
with  the  mixer  tube  for  minimum  transmission  at  the  oscillator  frequencies. 


Note;.  C  =  SOOp-pf  Low  hiductance  Type  Feed-Through  Capacitor 
First  Antir Resonance  Above  300  me 
L  =  lp,h  with  C  distributed^ 0.S|xpf 

R  =  All  1/2  Watt  With  Very  Short  Leads 
To  Feed- Thru  Capacitors 

Fig.  3.4. 4.1 -C  Network  Arrangement  to  Prevent  Spurious 
Resonances  in  Oscillator  Range 

The  best  approach  in  designing  an  oscillator  shield  is  to  enclose  the  oscillator 
circuit  in  a  continuously  shielded  case,  using  spidered,  "water-tight"  joints,  and 
even  the  use  of  double  shielding,  if  necessary.  Where  there  may  be  holes  and  slots 
in  the  shield,  a  difference  of  potential  will  exist  across  them.  By  proper  orienta¬ 
tion  of  the  holes  and  slots,  the  electrostatic  field  may  adequately  be  confined.  How¬ 
ever,  this  is  not  true  for  the  electromagnetic  field.  Magnetic  lines  of  force  bulge 
through  any  opening  and  will  excite  the  exterior  of  the  oscillator  shield.  This,  in 
turn,  will  excite  the  main  chassis,  which  will  act  as  a  fairly  efficient  radiator.  Holes 
a'id  •’lots  must  be  avoided.  Where  supply  leads  enter  or  leave  the  shielded  compart¬ 
ment,  they  must  be  prevented  from  acting  as  a  path  of  exit  for  the  magnetic  lines  of 
force.  There  must  be  adequate  low  pass  networks  in  the  power  supply  leads.  In 
the  case  of  high  voltage  and  automatic  gain  control  leads,  a  series  resistor-shunt 
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capacitor  combination  is  used.  The  capacitor  must  not  experience  any  anti-resonant 
effects  within  the  tuning  range  of  the  oscillator.  An  excellent  arrangement  of  a  net¬ 
work  designed  to  prevent  spurious  resonances  within  the  oscillator  tuning  range  of 
ordinary  television  receivers  is  shown  in  Figure  3.4.4. 1-C.  The  use  of  a  few  hun¬ 
dred  ohms  in  the  output  and  input  of  this  network  helps  to  prevent  resonance  occur¬ 
ring  in  the  supply  leads  exterior  to  the  tuner.  L-C  networks  are  usually  required 
in  the  filament  leads  to  prevent  excessive  voltage  drop.  They  are  designed  to  pre¬ 
vent  any  spurious  resonances  in  the  tuning  range  of  the  oscillator.  The  capacitors 
shown  in  the  figure  are  of  the  feed-through  type. 

Coupling  between  the  magnetic  field  of  the  local  oscillator  coil  and  the  shield 
or  chassis  must  be  held  to  a  minimum.  This  can  be  accomplished  by  a  high  ratio 
of  length  to  diameter,  by  a  high  permeability  core  which  helps  to  confine  the  mag¬ 
netic  field,  and  proper  spacing  from  the  chassis.  The  spacing  should  not  he  less 
than  two  coil  diameters.  There  is  usually  a  rapid  increase  in  chassis  radiation  at 
the  high  end  of  the  tuning  range  when  using  permeability  tuners,  due  to  the  field  ex¬ 
tending  farther  in  space  when  the  core  is  removed  from  the  coil.  To  properly  con¬ 
fine  the  magnetic  field  of  the  coil  it  is  necessary  to  use  both  eddy  current  and  per¬ 
meability  shielding.  A  combination  of  magnetic  and  non-ferrous  conducting  materials 
will  serve  the  purpose.  High  conductivity  metals  are  desirable  since  smaller  thick¬ 
nesses  ar  e  necessary  for  a  given  attenuation  of  a  confinjed  field.  The  thinner  shields 
also  permit  the  formation  of  good  joints  in  the  shielding,  A  mefal  thickness  of  about 
ten  times  the  depth  of  field  penetration  will  produce  an  attenuation  of  approximately 
8fe  db  in  the  field  intensity.  At  a  minimum  frequency  of  80  me  the  minimum  amount 
of  copper  required  would  be  0.003  inches. 

The  oscillator  shield  joints  must  have  as  large  an  oyerlap  as  possible  to  pre¬ 
vent  leakage.  This  may  be  accomplished  by  screws  or  spring  pressure  (multiple 
contact  type)  which  assures  continuity  in  the  shielding.  If  overlays  of  copper  are 
used,  the  shield  should  be  formed  with  the  copper  on  the  inside.  Cold  rolled  steel 
plated  with  copper  offers  adequate  attenuation,  but  requires  greater  thickness  of 
shield,  and  is  subject  to  corrosion.  If  tolerances  are  of  necessity  loose,  the  great¬ 
est  possible  contact  is  secured  in  a  practical  way  by  the  use  of  s  metal  textile  gasket, 
as  illustrated  in  Figure  3.  4, 4,  i-D. 


Fig,  3,4.4.  1 -D  Typiccil  Shield  Construction 
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3. 4. 4.  2  ANTENNA  RADIATION 

Axitennaxadiatiojacan  adequately  be  suppressed  by  the  measures  indicated  wider 
Paragraph  3,  4.  2.  These  are  additional  radio -frequency  stages,  extra  tuned-link 
circuits,  proper  shielding  and  filtering,  adequate  KF  by -passing,  and  the  use  of  short 
leads  and  compact  layout.  A  well  screened  radio  frequency  amplifier,  together  with 
proper  shielding,  prevents  the  energy  of  the  oscillator  coil  from  getting  into  the 
radio  frequency  amplifier  grid  circuit.  The  shielding  processes  employed  by  manu¬ 
facturers  of  very  high  frequency  standard  signal  generators  represent  some  of  the 
best  present-day  techniques  for  the  purpose  of  confining  local  oscillator  energy. 

However,  a  well  shielded  and  properly  filtered  receiver  is  frequently  a  source 
of  radio  interference  due  to  the  local  oscillator  voltages  appearing  on  the  antenna. 
This  gcneradiy  occuris  when  all  the  possible  paths  for  interference  to  reach  the  an¬ 
tenna  are  not  taken  into  consideration  during  the  design  of  the  receiver. 

This  difficulty  cannot  be  corrected  simply  by  improving  the  shields  or  fRtersi 
since  the  loci^  oscillator  output  is  coupled  to  the  antenna  by  the  circuit  elements 
themselves,  rather  than  through  improper  shielding  or  lead  filtering.  An  optimum 
design  must  be  acjiieved  to  reduce  the  effective  coupling  between  the  oscillator  and 
antenna  terminal  through  the  mixer  and  RF  stages,  and  still  not  adversely  affect  the 
operating  chara-cteristic  of  the  converter  stage.  In  general,  additional  RF  stages 
are  the  most  effective  means  availsble  to  accomplish  this.  Refer  to  Paragraph  3.4,2 
for  a  detailed  treatment  of  the  use  of  additional  RF  stages  in  reducing  local  oscillator 
radiation, 

A  converter  section  of  a  typical  receiver  that  was  producing  high  level  inter¬ 
ference  signals  is  considered  herein  to  illustrate  the  problems  and  techniques  in¬ 
volved  in  reducing  radio  interference  caused  by  local  oscillator  antenna  radiation. 
Figure  3,4.4,  2  shows  a  simplified  schematic  diagram  of  the  converter  section  of  a 
typical  radio  receiver,  The  paths  oyer  which  the  local  oscillator  sign^s  travel  to 
reach  the  high  and  low  band  antenna  terminals  are  represented  by  a  series  of  dote. 

The  oscillator  signal  at  the  antenna  terminal  may  be  reduced  in  several  ways. 
High  "Q's"  of  the  signal  frequency  tank  circuit  help  to  attenuate  the  oscillator  signal 
appearing  on  the  antenna,  A  limit  is  set  by  the  Increased  diffic-ulty  of  tracking  and 
alignment  of  the  various  stages  with  increase  in  "Q”,  This  limit  was  actually  reached 
in  the  redesign  of  the  preselector  in  the  sample  receiver  under  consideration  and 
alignment  difficulties  due  to  the  sharpness  of  the  preselector  were  considerable. 
The  "Q"  of  the  mixer  tank  should  also  be  increased,  particularly  in  the  frequency 
range  where  the  largest  oscillator  signal  on  the  antenna  occurs.  Test  results  showed 
that  because  of  the  above  limitation  only  minor  improvement  could  be  obtained  through 
increased  ''Q’a"  in  the  circuitry. 


The  oscUlator  is  capacitively  coupled  to  both  the  low  and  high  band  mixer  cir¬ 
cuits.  Reduction  of  this  coupling  would  certainly  reduce  the  interference  appearing 
at  the  antenna  terminals.  However,  since  this  capacitor  also  couples  the  oscillator 


frequency  into  the  mixer  stages  for  superheteredyne  receiver  operation, 
reduction  of  coupling  adversely  affects  the  receiver  operation. 


excessive 


The  following  chart  shows  the  effect  of  varying  the  coupling  capacitor  between 
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This  clearly  demonstrates  that  considerable  oscillator  attenuation  by  this  meth¬ 
od  results  in  aai  appreciable  loss  of  sensitivity.  For  this  reason  only  minor  im¬ 
provement  can  be  achieved  through  network  coupling  change. 

Oscillation  weakening  by  reduction  of  plate  voltage,  or  by  any  other  means,  is 
in  a  class  similar  to  the  coupling  problem.  If  the  output  of  the  local  oscillator  is 
reduced,  the  interference  characteristics  are  improved  at  the  sacrifice  of  perform¬ 
ance.  In  fact  there  is  danger  of  the  oscillator  failing  to  oscillate  at  the  low  frequency 
end  especially  with  a  weak  oscillator  tube. 

Reference  to  Figure  3. 4.4. 2  shows  a  coupling  loop  betw'een  the  oscillator  and 
high  bsmd  RF  stages.  It  is  conceivable  that  sufficient  capacity  between  the  tank  in¬ 
ductance  and  the  coupling  loop  could  affect  the  oscillator  coupling.  Tests  performed 
on  the  typical  receiver  showed  that  this  capacity  was  sufficient  to  produce  a  near- 
null  in  voltage  at  the  center  of  the  loop.  However,  further  tests  revealed  that  ca¬ 
pacity  coupling  of  the  loop  to  circuit  elements  resulted  in  opposing  voltages  which 
tend  to  cancel,  and  reduce  the  overall  coupling  effect.  The  effect  of  tne  total  capac¬ 
ity  between  loop  and  coil  was  also  investigated  by  increasing  the  capacity  of  one  end 
of  the  tank  coil  to  ground,  thus  increasing  the  voltage  between  tank  coil  and  loop,  also 
destroying  the  cancellation  mentioned  above.  Since  no  appreciable  change  in  oscil¬ 
lator  coupling  was  observed,  it  was  concluded  that  the  total  coil  to  loop  capacity, 
even  without  the  benefit  of  the  cancellation  effect,  produces  negligible  interstage 
coupling. 

The  above  measures  apparently  must  be  considered  as  second  order  effects 
only.  A  device  is  required  that  will  attenuate  the  oscillator  voltage  appearing  on  the 
antenna  terminals  without  adversely  affecting  the  sensitivity  or  other  desired  char- 
,acteristics  of  the  converter.  Another  RF  amplifier  stage  should  accomplish  this 
since  the  sensitivity  is  improved  by  the  additional  stage,  and  the  plate  to  control  grid 
or  screen  grid  to  control  grid  capacitance  coupling  is  relatively  low.  The  choice  of 
electron  tube  to  be  employed  is  quite  important  since  the  capacitauice  coupling  varies 
with  different  tube  types. 


Several  experiments  were  performed  to  verify  the  above  conclusion.  A  10,000 
microvolt  signed  was  applied  to  the  plate  of  a  triode  and  a  7,000  microvolt  signal 
was  measured  on  the  grid.  A  pentode  was  then  substituted  for  the  triode  and  the 
test  repeated.  In  this  case  only  500  microvolts  appeared  on  the  control  grid.  Thus 
an  attenuation  of  26  db  was  obtained  with  one  RF  stage  using  a  pentode.  A  further 
improvement  can  be  effected  by  using  a  pentode  mixer  with  screen  grid  injection.  - 

From  the  above  test  results  it  was  concluded  that  the  most  effective  way  to  reduce 
the  oscillator  signal  on  the  antenna  is  to  add  an  RF  pentode  preamplifier  stage. 
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Al'jTENWA  RADIATION 


The  final  design  of  the  converter  section  crystallized  on  the  use  of  a  pentode 
preamplifier  stage  incorporating  the  above  principles.  In  this  model  the  oscillator 
signal  on  the  antenna  terminal  is  30  microvolts  maximum  at  approximately  240  me. 
Sensitivity  is  12  microvolts  where  tracked,  and  image  sensitivity  is  from  6500  to 
80,000  microvolts.  The  following  list  shows  the  design  considerations  that  pro¬ 
duced  the  maximum  reduction  in  the  oscillator  radiation  without  adversely  affecting 
the  overall  operation: 

t 

(a)  pentode  RF  stage, 

(b)  screen  injection  of  oscillator  signal  into  mixer, 

(c)  connecting  coupling  lead  near  bottom  end  of  the  grounded  tank  plate  circuit 
coil  and  near  bottom  of  the  grid  tank  coil  of  the  high  band  mixer, 

(d)  shielding  between  the  input  and  output  sides  of  the  pentode  socket. 

The  design  problems  presented  above  and  the  modifications  made  in  the  design 
and  development  of  a  typical  receiver  serve  to  illustrate  the  necessity  for  minimiz¬ 
ing  interference  signals  at  the  source. 

These  considerations  alsc  serve  to  emphasize  the  fact  tnat  considerable  time 
and  expense  can  be  saved  by  apt^lication  of  sound  interference -free  design  techniques 
in  the  original  design  rather  than  attempting  to  correct  an  interfering  component  or 
system  once  it  has  been  installed, 

^  V 


SECTION  IV  -  ATMOSPHERIC  INTERFERENCE 


4.  PRECIPITATION  STATIC 

Precipitation  static,  as  the  name  implies,  is  radio  interference  experienced 
when  the  flight  path  is  through  precipitation.  Flight  tests  carried  out  over  a  period 
extending  back  several  years  have  served  to  tie  down  some  of  the  principal  causes 
of  the  interference,  although  there  are  some  aspects  of  it  which  could  profitably  be 
explored  more  fully.  The  interference  is  ordinarily  intense  in  the  low  and  medium 
frequency  ranges,  and  often  completely  blocks  communication  or  navigation  on  equip¬ 
ment  such  as  the  liaison  set,  the  radio  compass,  or  Loran.  VHF  equipment  is  not 
ordinarily  affected»  although  some  few  reports  of  interference  to  VHF  under  severe 
conditions  have  been  received. 

Current  knowledge  of  the  causes  of  precipitation  static  shows  that  high-speed 
aircraft  with  properly  designed  dragless  antennas  should  be  relatively  immune  to 
such  interference.  Attainment  of  immunity  is  dependent  upon  development,  speci¬ 
fication,  and  proper  application  of  conducting  coatings  and  upon  engineering  designs 
based  on  a  knowledge  and  proper  consideration  of  the  requirements  of  high  corona 
thresholds.  Possible  future  development  of  superior  methods  of  controlling  air¬ 
craft-charging  characteristics  may  eventually  ease  present  design  requirements, 

4.  1  CHARACTERISTICS  OF  PRECIPITATION  STATIC 

Precipitation  static  interference  is  characteristically  broad-band,  with  a  con¬ 
tinuous  spectrum  and  produces  a  very  loud  "rushing"  sound  in  the  output  of  a  re¬ 
ceiver,  similar  to  amplified  "shot"  noise.  Since  it  occurs  when  the  aircraft  is  on 
instruments  and  inneed  of  radio  communication  and  navigation  facilities,  the  inter¬ 
ference  presents  a  serious  flight  hazard. 

Flight  investigations  have  established  that  disruptive  discharges  in  air  are  re¬ 
sponsible  for  practically  all  of  the  interference.  These  discharges  produce  steep- 
fronted  impulses  of  relatively  high  peak-magnitude,  and  the  interference  may  be 
severe  when  the  average  current  transported  by  the  discharges  is  quite  small,  of 
the  order  of  microamperes.  In  general,  such  discharges  arise  as  a  result  of  charging 
effects  produced  by  impact  of  the  airplane  surfaces  with  precipitation,  although  they 
may  also  occur  as  a  result  of  electric  fields  surrounding  charged  clouds.  Impact 
charging  may  produce  interference  as  a  result  of  the  charging  of  the  whole  aircraft 
or  as  a  result  of  localized  charging  confined  to  the  vicinity  of  the  antenna. 

4.  2  ATMOSPHERIC  CONDITIONS  FAVORABLE  TO  PRECIPITATION  STATIC 

Radio  interference  of  an  atmospheric  nature  was  observed  long  before  it  be¬ 
came  of  interest  in  connection  with  aeronautics.  Radio  antennas  were  observed  to 
collect  static  charges  during  snow  and  dust  storms,  causing  severe  interference 
with  the  reception  of  radio  signals.  Metal  windmills  on  insulated  towers,  and  gas¬ 
oline  trucks  on  rubber  tires,  accumulate  high  potentials  whenever  they  are  hit  by 
particles  of  dry  snow,  sand,  or  dust.  Aircraft,  operated  at  much  higher  speeds, 
experience  more  rapid  charging  which  results  in  more  serious  radio  interference. 


ATMOSPHERIC  INTERFERENCE 


SEC.  IV 


The  major  portion  of  experimental  work  on  precipitation  static  has  been  pri¬ 
marily  concerned  with  problems  of  the  charging  of  the  aircraft  as  a  whole,  because 
effects  of  charge  accumulation  on  the  airframe  are  responsible  for  most  of  the  static 
experienced  on  reciprocating-engine  aircraft  with  external  antennas.  Increased  use 
of  integral  antennas  has  placed  more  emphasis,  in  recent  years,  on  problems  of 
localised  charging  effects,  although  it  is  still  necessary  to  give  consideration  to 
overall  charging  characteristics. 

4,2.1  DUST,  SAND,  AND  SMOKE 

The  impact  of  sand  or  dust  particles  against  a  metallic  surface  produces,  by 
friction,  a  charge  both  on  the  dust  particle  and  on  the  metal.  If  a  positive  charge 
is  carried  away  by  a  sand  blast,  the  metal  becomes  negatively  charged.  The  same 
effect  would  result  from  the  impact  of  any  form  of  dry  powder  against  a  dry  Surface, 
The  carbon  particles  which  constitute  smoke  would  therefore  also  be  effective  in 
producing  a  charge.  Aircraft  flying  through  the  dust  storms  of  deserts  and  drought- 
stricken  areas  have  repeatedly  become  charged  in  this  manner.  The  denser  the 
smoke  or  dust  cloud  and  the  higher  the  relative  velocity  of  the  wind  and  the  airplane 
moving  through  it,  the  greater  the  number  of  impacts  per  unit  area  per  second,  and 
therefore  the  more  rapid  the  charging  rate. 


4.  2.  2  ICE  CRYSTALS,  HIGH  ALTITUDES,  LOW  TEMPERATURES 

i 

Fine  ice  crystals,  such  as  are  encountered  in  driving  snow  at  high  latitudes 
or  in  the  fine  ice  spicules  which  compose  cirrus  clouds,  are  an  effective  source  of 
precipitation  static.  Such  ice  crystals  occur  only  at  low  temperatures  -  ten  degrees 
below  aero  Centigrade,  or  less.  The  height  of  cirrus  clouds  varies  with  the  season 
and  with  latitude,  but  they  do  not  usually  form  below  30,000  feet,  Ordinary  dry  snow 
crystals  arc  produced  very  readily  in  cold  weather  at  intermediate  altitudes.  Fly¬ 
ing  through  dry  snow  is  one  of  the  most  common  causes  of  severe  precipitation  stat¬ 
ic,  a  fact  which  has  been  demonstrated  many  times  in  flights  to  the  Aleutians,  and 
to  Iceland  and  Greenland. 

Aircraft  flying  through  snow  almost  always  become  negatively  charged,  and 
discharges  from  charged  aircraft,  whether  by  corona  or  otherwise,  consist  of  neg¬ 
ative  electricity.  Laboratory  tests  in  which  dry  snow  has  been  driven  at  high  velo¬ 
city  against  insulated  airplane  surfaces  have  also  resulted  in  the  production  o:^  neg¬ 
ative  charges  on  the  plane. 

4.2.  3  FRICTIONAL  CHARGING  BY  IMPACT  WITH  WATER  DROPS 

While  flight  through  dry  snow  or  through  the  fine  ice  spicules  of  cirrus  and 
alto-stratus  clouds  invariably  results  in  precipitation  static,  flying  through  ■wet  snow, 
glaze,  or  rain  usually  produces  relatively  little  radio  interference.  For  complete¬ 
ness,  hov/ever,  it  is  desirable  to  consider  it  briefly  and  to  point  out  that  there  is  no 
sharp  line  of  demarcation  between  the  various  cloud  formations,  but  rather,  a  grad¬ 
ual  shift  from  one  form  to  the  next.  Furthermore,  in  the  turbulence  above  frontal 
storms,  dry  snow,  wet  snow,  glaze,  and  rain  may  all  be  present  simultaneously  at 
different  levels. 
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WET  SNOW^ 


4.  2.  3.  1  FLIGHT  THROUGH  WET  SNOW 

Wet  snow  is  encountered  only  in  regions  where  the  ambient  temperature  is 
near  or  slightly  below  the  freezing  point,  and  where  the  relative  humidity  is  high. 
Frictional  charging  requires  dry  surfaces  and  low  relative  humidity.  The  impact 
between  the  plane  and  a  snowflake  produces  energy,  E  =  mv^/2,  where  m  is  the  mass 
of  the  snowflakes  and  v  is  the  numerical  sum  of  the  components  of  their  velocities 
in  the  direction  of  flight.  The  heat  energy  thus  released  melts  more  snow  to  increase 
the  magnitude  of  the  liquid  film  on  the  surfaces  of  the  airplane.  Snowflakes  that  re¬ 
main  solid  after  impact  are  carried  away  by  the  airstream  together  with  excess  rain¬ 
drops,  taking  with  them  any  charges  previously  left  on  the  metal  surfaces.  Should 
the  aircraft  enter  a  region  filled  with  wet  snow  with  temperatures  of  its  metallic  sur¬ 
faces  below  freezing,  the  snow  flakes  would  form  an  ice  coating  over  which  the  im¬ 
pinging  snow  would  slide  with  only  mild  charging  effects. 

4.  2.  3.  2  FLIGHT  THROUGH  FREEZING  RAIN  OR  GLAZE 

Where  a  frontal  condition  exists  in  which  warm,  moist  air  has  been  lifted  above 
a  colder  air  mass,  snowflakes  failing  from  higher  levels  are  turned  into  fine,  supe  r¬ 
cooled  rain  draps  and  then  descend  into  the  heavier  and  colder  frontal  regions  be¬ 
low.  An  airplane,  going  through  a  misty  and  foggy  region  which  separates  the  warm, 
upper  layers  from  the  cold,  frontal  air  masses  near  the  ground,  becomes  covered 
with  moisture  particles  that  are  small  and  quite  near  the  freezing  point.  Such  mois¬ 
ture  particles  seldom  are  electrically  changed  to  any  great  extent  but  easily  become 
attached  to  all  the  metal  surfaces  of  the  airplane  and  produce  an  even  more  serious 
hazard  by  adding  a  heavy  load  of  ice  to  all  exposed  parts. 

4,  2.  3,  3  FLIGHT  THROUGH  RAIN  DROPS 

Many  laboratory  experiments  have  been  performed  on  rain  drops  falling  at 
various  velocities  and  under  a  large  variety  of  electrical  field  conditions.  It  has 
been  demonstrated  that  there  jnuat  be  an  updraft  of  more  than  eight  meters  per  sec¬ 
ond  in  athunderstorm  in  orderto  support  small  hailstones  and  the  larger  sized  rain 
drops.  It  has  also  been  shown  that  rain  drops  falling  with greatCT  velocity  than  eight 
meters  per  second  are  torn  to  pieces  by  friction  with  the  air  through  which  they  fall. 
Furthermore,  these  falling  drops  are  charged,  some  positively,  others  negatively. 
The  main  body  of  a  large  drop  retains  a  positive  charge  while  the  smaller  droplets 
which  have  been  torn  away  from  it  carry  negative  charges.  It  follows  that  the  splash¬ 
ing  effect  of  large  rain  drops  against  a  metal  surface  moving  at  highspeed  must  re¬ 
sult  in  the  breaking  up  of  the  rain  drops  encountered,  the  larger  drops  adhering  to 
the  metal  structure  and  the  smaller  ones  carrying  negative  charges  away.  Since  the 
airplane  is  usually  charged  with  negative  electricity  where  precipitation  static  is 
present,  the  positive  charges  on  the  larger  fragments  of  the  rain  drops  tend  to  dis¬ 
charge  the  airplane  and  thus  decrease  the  amount  of  radio  interference  due  to  pre¬ 
cipitation  static. 

4.  2.  4  CHARGES  INDUCED  BY  EXTERNAL  FIELDS:  THUNDERSTORMS 

Precipitation  static,  quite  independent  from  that  resulting  from  frictional  ef¬ 
fects,  although  it  may  exist  coincidentally,  is  also  causedby  the  passage  of  the  air¬ 
plane  through  an  electrostatic  field  such  as  that  existing  between  two  oppositely 
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Fig,  4.2.4  Charge  Accumtilations  on  an  Aircraft  in  External  Field 

charged  clouds.  The  greatest  charge  per  unit  area  is  built  up  around  sharp  edges 
or  poluts  such  as  antenna  wires,  propeller  tips,  and  the  edges  of  wings,  ailerons 
and  rudders  as  shown  in  Figure  4.  2.4.  Maximum  corona  discharges*  which  are  the 
source  of  radio  interference,  always  occur  from  these  sharply  curved  surfaces, 
whether  produced  by  frictional  impact  or  by  induction  from  surrounding  fields. 
Therefore,  the  aircraft  designer  should  avoid  sharp  edges  or  points  in  order  to  re¬ 
duce  radio  interference. 

4.  2.  4.  I  EFFECTS  OF  AETITUDE  AND  TEMPERATURE 

Charging  by  induction  is  limited  to  those  synoptic  conditions  in  which  charged 
clouds  produce  an  electrostatic  field.  Such  fields  may  be  vertical  or  horizontal,  or 
a  conahination  of  the  two.  They  are  far  from  uniform  and  are  constantly  varying, 
especially  under  thunderstorm  conditions. 

It  is  pointed  out  in  Paragraph  4.2.2,  that  flight  at  the  cirrus  cloud  level  (about 

feet)  probably  results  in  severe  frictional  charging  but  that  this  altitude  is  us¬ 
ually  free  from  electrostatic  fields.  Descent  into  the  lower  levels  of  non-turbulent 
clouds  of  the  cirro-stratus,  cirro-cumulus  (about  25,000  feet),  or  alto-stratus  type 
(about  12,  000  feet)  may  relieve  radio  interference  resulting  from  frictional  charg¬ 
ing  as  well  as  from  charging  by  induction.  This  is  particularly  true  of  dense,  fog- 
like  clouds  since,  if  flight  is  through  fog  or  vapor,  there  is  no  charging.  However, 
depending  somewhat  on  the  height  of  the  cloud  above  the  flight  level,  discreet  pre¬ 
cipitation  particles  may  be  encountered  and  charging  would  still  occur.  The  cirro- 
stratus  level,  depending  on  the  latitude  and  the  season,  at  12,  000  feet  is  approxi¬ 
mately  the  upper  limit  for  liquid  rain-drops,  and  at  about  this  altitude  they  occur 
only  together  with  freezing  rain  or  snow  at  temperatures  near  0°C  (SZ^F).  Above 
this  approximate  altitude,  or  freezing  isotherm,  snow  is  found  which  produces  static 
interference  due  to  friction.  Below  this  altitude,  icing  conditions  and  induction 
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charging  in  electrostatic  fields  between  clouds,  or  between  the  clouds  and  earth,  are 
encountered.  In  winter  this  freezing  isotherm  may  be  near  the  ground  with  friction¬ 
al  charging  encountered  from  the  ground  level  upward, 

4. 2.4. 2  EFFECTS  OF  TURBULENCE  IN  THUNDERSTORMS 

Turbulence  is  a  prime  characteristic  of  thunderstorms  which  in  turn  produce 
conditions  for  radio  interference  in  aircraft  as  a  result  of  induction  and  frictional 
effects.  Where  extensiye  local  heating  of  air  with  high  humidity  results  in  a  steep 
temperature  gradient  from  the  ground  to  the  condensation  level,  a  "heat  thunder¬ 
storm"  may  develop.  Adiabatic  expansion  of  moisture^ laden  air  in  the  ascending 
column  causes  precipitation  with  a  resulting  release  of  latent  heat,  which  in  turn 
warms  the  air  and  increases  its  velocity  of  uprush.  By  such  means  are  produced 
the  rapid  convection  currents  necessary  for  the  electrification  of  clouds,  A  "cold- 
front^'  storm  results  when  cold,  dry  air  underruns  a  mass  of  warm,  moist  air  and 
lifts  it  to  the  condensation  level,  while  a  "warm- front"  storm  is  produced  when,  a 
mass  of  warm  air  is  pushed  up  over  a  comparatively  stationary  mass  pf  cold  air. 
In  each  case,  the  conditions  producing  turbulence  are  present. 

The  typical  storm  in  temperate  regions  is  the  cyclonic  "low".  The  low-pres¬ 
sure  areas  which  move  slowly  from  northwest  to  southeast  across  the  American  con¬ 
tinent  are  several  hundred  miles  wide,  fhe  general  direction  of  rotation  in  the 
Northern  Hemisphere  is  counter-clockwise.  In  such  a  general  storm  area,  there 
is  a  warm  front  ih  the  southeastern  section  and  a  cold  front  in  the  western  and  north¬ 
western  section.  During  the  thunderstorm  season,  winch  extends  from  March  to 
October  in  the  temperate  nope,  the  afr  in  the  warm  fropt  has  originated  in  the  Gulf 
of  Mexico  and  adjacent  land  areas  and  has  a  high  humidity.  Its  temperature  is  high¬ 
er  than  the  temperature  of  the  surface  air  over  which  it  flows.  The  cold  front,  on 
the  other  hand,  consists  of  comparatively  dry,  cold  afr  which  has  originated  in  the 
Canadian  Rockies  or  in  the  plains  toward  the  east.  When  such  a  mass  of  cold  air 
rushes  into  the  warmer  surface  air  of  the  plains  region,  itsi  approach  is  character¬ 
ised  by  a  long  line  pf  thunderstorms  and  corresponding  turbulence..  Such  a  "Une- 
squall"  may  have  a  length  of  400  to  SQGi  miles  and  a  height  of  h  to  8  miles.  In  the 
tropics  or  near  large  bodies  of  water  where  the  ascending  air  currents  have  an  un¬ 
usually  large  moisture  content,  the  total  height  of  the  turbulent  condition  is  usually 
less  than  5  miles,  hi  either  case,  it  is  obvious  that  a  pilot  will  not  be  able  to  fly 
around  tbe  end  of  thia  storm  area,  rather  than  pass  through  its  center,  unless  he 
happens  to  be  near  its  periphery.  It  is  also  evident  that  he  will  seldom  be  able  to 
fly  over  the  top  of  such  a  line-squall  without  encountering  precipitation  static  of  the 
frictional  type.  Since  the  storm  conditions  are  far  from  uniform  along  the  squall 
line,  he  may  be  able  to  find  a  gap  of  minimum  severity  through  which  he  may  safely 
pass. 

Non-frontal  thunder  storms  are  commonly  called  "heat  thunderstorms"  and  may 
be  encountered  in  both  tropical  and  temperate  latitudes.  Heat  thunderstorms  us¬ 
ually  reach  their  climax  in  late  afternoon  while  line -squall  storms  may  arrive  at 
any  time  during  the  day  or  night.  Heat  thunderstorms  are  considerably  less  exten¬ 
sive  than  the  other  type  and  can  ordinarily  be  circumvented  without  the  plane  getting 
seriously  off  course,  Non-frontal  storms  may,  however,  develop  into  general  storm 
areas  without  the  presence  of  any  frontal  phenomena.  These  constitute  a  special 
hazard  to  the  pilot  on  cross-country  flight  under  generally  settled  weather  conditions. 
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4.2.4, 3  MAGNITUDE  OF  ELECTROSTATIC  FIELDS  AND  THEIR  EFFECTS  IN 
THUNDERSTORM  AREAS 


Laboratory  tests  show  that  the  potential  necessary  to  produce  a  spark  between 
polished  balls,  10  cm  in  diameter  and  1  cm  apart,  at  76  cm  of  mercury  pressure 
in  dry  air  is  about  30  kilovolts.  For  needle  points,  it  is  only  12  kilovolts,  and  is 
less  at  high  altitudes  where  the  pressure  is  lower.  Field  strengths  of  400  volts 
per  cm  have  been  frequently  encountered  in  test  flights,  and  a  field  of  3400  volts 
per  cm  has  been  recorded  just  before  the  airplane  was  struck  by  lightning.  At  1000 
volts  per  cm,  a  lightning  stroke  3 -miles  long  from  cloud  to  cloud,  or  from  cloud  to 
ground,  requires  an  initial  difference  of  potential  of  about  500  million  volts. 

In  frictional  charging  through  snow  or  freezing  rain,  or  under  dust-storm 
conditions,  the  same  sign  of  charge,  usually  negative,  is  present  over  the  entire 
plane  and  the  density  of  charge  at  any  given  point  on  the  aircraft  remains  essen¬ 
tially  constant  for  comparatively  long  periods  of  flight.  On  the  other  hand,  induced 
negative  charges  on  the  plane  are  found  nearest  the  positively  charged  clouds,  while 
the  positive  charges  are  found  nearest  the  negatively  charged  clouds.  In  thunder¬ 
storm  fields,  both  the  sign  and  the  potential  gradient  of  the  charges  which  cause 
induction  vary  rapidly  with  both  time  and  the  position  of  the  plane  with  respect  to 
tne  active  portion  of  the  storm.  Resulting  currents  of  an  order  of  magnitude  in  the 
milliampere  range  surge  back  and  forth  from  wing  tip  to  wing  tip  and  from  nose  to 
tail,  all  capable  of  producing  extreme  radio  interference  due  to  spark-over  at  poor¬ 
ly  bonded  joints. 

The  electrical  capacity,  in  flight,  of  even  a  large  airplane  is  quite  small;  for 
examplej  it  is  about  780  p^if  for  a  B*=17,  Tfeereforg,  a  current  of  100  microamperes 
flowing  into  it  would  charge  a  B-17  at  the  rate  of  128  kilovolts  per  second.  The 
sharp  edges  and  points  would  therefore  quickl,  reach  the  corona  point  when  in  the 
presence  of  strong  electrostatic  fields  and  cause  severe  radio  interference, 

4,  a,  4, 4  LIGHTNING  DISCHARGES  TO  AIRCRAFT 


Although  the  all-metal  structtire  of  aircraft  affords  protection  to  the  crew 
against  lightning  discharges,  a  direct  discharge  across  a  metallic  conductor,  such 
as  an  airplane,  still  presents  three  prohlems.  Radio  interference  is  at  a  maximum 
butusually  of  short  duration  due  to  the  stroke  itself.  The  after-effects  of  the  stroke 


may  actually  he  more  serious  than  the  radio  interference  itself.  The  current  in  a 
lightning  stroke  maybe  aatr  -h  as  100,000  amperes.  While  the  surface  and  frame¬ 
work  of  the  plane  can  carry  such  a  current  without  danger,  even  a  small  fraction  of 
such  a  current,  if  it  gains  access  to  radio  receivers,  power  supplies,  and  other 
electrical  equipment,  can  easily  fuse  wires  and  put  control  apparatus  out  of  oper¬ 
ation,  It  may  also  start  fires  by  jumping  across  poorly  bonded  sections  of  the  plane, 
especially  in  the  vicinity  of  gasoline  leaks  which  may  be  present.  When  flying  at 
night,  the  intense  illumination  resulting  from  a  lightning  stroke  may  blind  the  pilot 
so  that  he  cannot  see  his  instruments  for  several  minutes.  This  blinding  effect  can 
be  minimized  by  keeping  the  cockpit  light  on  full  when  in  the  vicinity  of  electrostatic 
fields.  While  there  is  little  danger  of  electrical  shock  to  persons  inside  the  closed 
cockpit,  there  may,  nevertheless,  be  resultant  nervous  reactions  which  render  the 
pilot  more  or  less  incapacitated  for  the  performance  of  his  duties. 
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The  distribvition  of  electrical  charges  in  a  thunder  cloud  is  far  from  uniform, 
and  authorities  are  not  fully  agreed  on  any  general  pattern.  V/hatever  the  distribu¬ 
tion  of  electrical  charges  within  the  cloud,  the  potential  difference  between  points 
at  a  distance  equal  to  the  wing  span  of  an  airplane  undergoes  rapid  changes  in  sign 
and  magnitude  according  to  the  part  of  the  cloud  in  which  the  airplane  is  flying  at  any 
given  moment.  If  it  is  in  the  region  between  maximum  negative  and  maximum  posi¬ 
tive  charge  concentrations,  the  potential  gradient  is  high.  On  the  other  hand,  v/here 
the  distribution  of  charges  is  of  nearly  the  same  concentration  and  of  uniform  sign, 
the  maximum  currents  and  potentials  connected  with  a  stroke  through  the  plane  can¬ 
not  be  very  large.  The  probable  minimum  risk  is  taken  by  flying  as  high  as  possible 
above  the  active  vortex  of  the  storm  or  by  flying  to  one  side  or  the  other  of  that  vor¬ 
tex,  When  confronted  with  an  extended  line  -  squall  storm  with  towering  cumulus  clouds 
that  reach  above  the  ice- spicule  level,  the  pilot  may  be  justified  in  flying  under  the 
cloud  in  the  raid -area  between  the  cloud  and  the  earth.  This  involves  three  hazards, 
the  icing  and  induction- charging  dangers  discussed  in  Paragraph  2,  1,4,  i,  the  pos¬ 
sibility  of  intercepting  a  lightning  stroke  in  the  high  potential  gradient  between  the 
cloud  and  the  earth,  and  the  danger  of  encountering  mountains  or  other  obstructions, 

4. 3  methods  for  REDUCING  INTERFERENCE  FROM  PRECIPITATION  STATIC 

Increased  speed  and  higher  altitude  flying,  the  result  of  improved  design  and 
theavailability  of  more  powerful  engines,  both  dictated  by  military  necessity,  brought 
ever-increasing  losses  due  to  the  precipitation- static  type  of  radio  interference. 
The  Military  Services,  aircraft  manufacturers,  and  commercial  flight  operators 
have  made  attempts  to  remove  this  hazard  to  aerial  navigation.  From  numerous 
investigations,  in  flight  and  in  the  laboratory,  there  resulted  a  series  of  programs 
for  "cleaning-up"  airplane  structure  and  design.  These  included  the  elimination  of 
sharp-edged  ot  pointed  protuberances,  the  effect  of  various  coatings  on  the  metal 
surface,  and  the  bonding  of  separated  parts  of  the  aircraft  structure.  In  addition, 
much  research  and  development  has  been  done  to  make  available  dielectrically  in¬ 
sulated  antenna  wire  and  fittings  as  well  as  devices  for  discharging  static  charges 
harmlessly  from  the  aircraft  while  in  flight, 

4, 3.  I  OPERATION  OF  AIRCRAFT 


Pilots  have  frequently  observed  that  the  severity  of  precipitation  interference 
is  a  function  of  the  speed.  Using  as.  a  working  equation,  charging  current  equals  a 
coefficient  times  the  speed  to  the  n^^  power,  it  was  found  that  the  average  value  of 
n  is  3,  Thus  the  radio  interference  goes  up  approximately  as  the  cube  of  the  speed. 
Reduction  of  airspeed  from  400  miles  per  hour  to  200  miles  per  hour  would,  there¬ 
fore,  reduce  the  charging  current,  and  hence  the  corona  discharge,  by  a  factor  of 
eight  as  shown  in  Figure  4,3,  1-A, 

The  variation  of  the  coefficient  with  temperature  is  not  linear.  It  is  a  maxi¬ 
mum  between  -7  C  and  -9  C,  while  the  exponent,  n,  reaches  its  peak  value  at 
about  -7  C  ,  as  is  shown  by  the  curve  in  Figure  4,  3,  1-B,  The  severity  of  precipi¬ 
tation  interference  may  therefore  be  reduced  both  by  decreasing  speed  and  by  de¬ 
scending  to  lower  levels  where  the  temperature  is  higher.  The  second  alternative 
is,  of  course,  always  accompanied  by  the  dangers  cavised  by  icing. 
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Fig.  4,  3»  1-A  Charging  Current  as 
a  Function  of  Speed  &  Temperature 
Curve  A  Temp,  -83°C  Slope  n=3,3 
Curve  B  f  Temp,  -67°C  Slope  n=4,7 
Curve  C  Temp,  -50^C  Slope  n=2,l 


Fig,  4,3, 1-B  Temperature  Effect  on 
Exponent  in  the  Equation:  Charging 
Current  =  Coefficient  (Speedp. 
(Nose-piece  coated  with  aluminum, ) 


4.  3.  2  EFFECTS  OF  COATINGS  ON  METAL  SURFACES 

Both  as  a  means  to  protect  a  shiny  aluminum  surface  against  the  elements  and 
to  reduce  visibility  to  anti -air crMt  and  other  enemy  fire,  airplanes  have  customarily 
been  covered  with  various  varnishes  and  camouflage  paints.  It  has  been  shown  that 
the  charging  rate  of  painted  surfaces  is  several  times  as  great  as  that  for  clean  alu¬ 
minum  surfaces.  Surfaces  of  clean  aluminum  and  those  coated  with  aircraft  wax 
produce  negative  charging,  but  coatings  of  Ti02  and  colloidal  silica  give  positive 
charges  when  bombarded  with  driving  snow.  The  results  of  these  and  other  tests 
show  that  the  paints  in  common  use  on  aircraft  surfaces  consistently  give  negative 
charges  to  the  airplane  surface  under  precipitation  charging  conditions. 

The  fact  that  coatings  with  positive  charging  coefficients  are  available  has  led 
to  attempts  to  produce  a  chargeless  airplane  by  using  equivalent  amoimts  of  positive 
and  negative  materials  on  different  sections  of  the  plane.  Experience  proved,  how¬ 
ever,  that  contamination  of  positive  surfaces,  caused  by  handling  of  the  plane  by  the 
ground  crew,  resulted  in  a  reversal  of  sign  for  the  charging  coefficient.  The  best 
possible  surface  for  minimum  precipitation  static  is  clean,  smooth  aluminum.  The 
charging  coefficient,  K,  for  various  coatings  as  a  function  of  temperature  is  shown 

j/i 

—ftf — 

’i'One  Statampere  (electrostatic  cgs  units)  is  equivalent  to  3,33560  x  10"^® 
amperes  (absolute). 
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in  Figure  4,3.2.  The  coefficient,  K,  is  defined  by  the  equation,  K  =  l/V/,  where  I 
is  the  current,  in  electrostatic  units  per  square  meter  of  surface  exposed  to  a  blast 
of  snow,  and  W  the  weight  of  snow  which  strikes  this  unit  surface  in  unit  time. 


-20  -15  -10  -5  0  5 

Temperature  -  Degrees  Centigrade 

Fig,  4.3.2  -  Charging  Coefficient  as  a  Function  of  Temperature  For; 

A--TiS^(Anatase  Form),  Thin  Filmj  Sol  No,  156; 

B- -Colloidal  Silica  No.  165  in  Cellulose  Nitrate; 

C--BaTe  5E-S  Alumini 

D- -Aircraft  Wax  on  52-S  Aluminum; 

E- -Amphibious  Transport  Paint. 

4,3*3  DESIGN  OF  AIRCRAFT  STRUCTURES 

From  the  standpoint  of  freedom  from  interference  from  precipitation  static, 
the  ideal  shape  for  an  airplane  would  be  a  smooth  sphere.  This  being  functionally 
impossible,  there  remain,  as  a  means  of  a  practical  solution  to  the  problem,  attempts 
to  reduce  the  curvature  of  sharp-edged  and  pointed  strirctures  without  interfering 
with  their  mechanical  operation.  This  includes  rivet-heads,  projecting  edges  of 
sheet-metal,  exposed  surfaces  of  Pitot  tubes  and  thermometers,  all  of  which  have 
received  attention  in  recent  aircrcift  design.  Since  corona  discharge  begins  at  the 
point  of  sharpest  curvature,  it  is  necessary  to  reduce  the  curvature  of  all  critical 
areas  to  the  same  value,  so  far  as  possible,  in  order  to  keep  the  potential  of  the 
whole  aircraft  uniformly  high  and  to  prevent  breakdown  below  the  operating  voltage 
of  static  dischargers.  In  some  cases,  covering  the  sharp  edges  with  plastic  insula¬ 
tion  is  effective,  unless  it  interferes  with  normeil  air -stream  flow. 

The  quantity  of  electricity,  Q,  on  any  metallic  body  is  equal  to  the  product  of 
its  electrical  capacity,  C,  mul  tiplied  by  the  potential,  V,  applied  to  it,  thus  Q  =  CV. 
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The  electrical  capacity  of  an  insulated  sphere  in  electrostatic  units  is  equal  tc  its 
radius,  r,  in  centimeters,  that  is,  C  =  r.  Electrical  charges  distribute  themselves 
equally  over  the  entire  surface  so  that  V  =  Q/r,  but  if  the  sphere  is  surrounded  by 
a  medium  of  dielectric  constant,  k,  then  V  =  Q/kr.  In  the  consider  ation  of  aircraft, 
k  is  approximately  one  for  air. 


The  surface  density  of  charge,  s,  equals  the  total  charge  divided  by  the  area 


of  the  sphere;  therefore. 


s  = 


Q 


V  r 


4irr2  4'trr^ 


4ir  r 


(4-1) 


For  any  given  potential,  therefore,  the  charge  density  varies  inversely  as  the  cur¬ 
vature,  l/r.  It  approaches  zero  for  a  plane  surface  and  becomes  infinite  at  the  tip 
of  a  sharp -pointed  needle. 


The  atmosphere  always  contains  considerable  numbers  of  ions  produced  by 
ultra-violet  light,  cosmic  rays,  radio-active  substances,  engine  exhausts,  etc.  Such 
ions  ere  accelerated  towards  or  away  from  intense  fields,  according  to  their  signs, 
whether  positive  or  negative,  and  may  gain  sufficiently  high  velocities  to  ionize  more 
molecules  by  collision  and  thus  initiate  a  corona  discharge  with  its  resulting  static 
interference.  Corona  discharge  generally  begins  at  about  1/2  to  2/3  the  potential 
required  for  a  disruptive  spark,  although,  depending  on  the  geometry  involved,  it 
has  been  observed  at  l/lO  this  potential. 

Laboratory  experiments  have  shown  that  the  break-down  potential  between 
polished  spheres,  1  inch  in  diameter,  is  approximately  three  times  as  great  as  for '* 
needle-points.  One  hundred  kilovolts  can  bridge  a  six-inch  gap  between  needle¬ 
points  in  dry  air.  Exact  break-do^  voltages  have  been  shown  to  depend  on  materials 
iised,  temperature,  and  pressure. 


The  break-down  potential  from  a  metal  surface  to  the  surrounding  air  depends 
on  the  density  Of  the  air,  being  a  function  of  the  mean  free  path  of  the  molecviles. 
For  aircraft  at  fcdgh  altitude  the  pressure  decreases  with  the  altitude  whUe  the  tem- 
peratore  falls  at  the  same  time,  increasing  the  air  density.  While  these  twp  factors 
affect  the  air  density  in  opposite  directions,  the  relations  are  not  linear  and  the  pres¬ 
sure  effect  predomhiates.  At  5QOO-feet  elevation,  the  break-down  potential  is  about 
eight-tenths  (0,8)  and,  at  10,000  feet,  sixty-seven  hundredths  (0,67)  of  that  at  sea 
level. 


Because  of  the  camber,  or  curvature,  of  the  upper  surface  of  an  airplane  wing, 
the  air  going  over  the  top  of  the  wing  surface  must  travel  farther,  and  hence  have 
greater  relative  velocity,  than  the  air  passing  the  comparatively  straight  under  sur¬ 
face.  According  to  the  well-known  theorem  of  Bernouilli,  the  greater  the  speed  of 
the  air  over  a  surface,  the  less  the  pressure.  Thus  is  produced  the  important  lift¬ 
ing  effect  which  keeps  the  plane  in  the  air  but  incidentally  increases  the  tendency  to 
go  into  corona  over  these  areas  of  low  pressure.  Because  of  the  pitch  and  relatively 
high  speed  of  the  propeller  tips,  they  are  likewise  surrounded  by  a  region  of  reduced 
pressure  as  they  plough  through  the  ambient  snow  and  ice  particles.  Consequently, 
the  propeller  tips  tend  to  burst  into  corona  almost  as  soon  as  bare  wire  antennas  and 
other  sharp  metal  points.  Obviously,  both  of  these  Bernouilli  effects  are  inherent  aqd 
essential  to  the  functioning  of  the  plane„  The  change  in  pressure  on  the  wing  surface 
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IMPROVED  ANTENNA  WIRE  AND  INSULATORS 


due  to  caxtiber  is  uot  serious  because  of  its  large  radius  of  curvature.  The  only 
remedy  for  the  propellers  is  to  bond  them  effectively  to  the  fusela;ge  to  keep  their 
potential  relative  to  the  airfrasne  as  low  as  possible,  and  to  keep  their  surfaces  free 
from  offending  paints  and  oils. 

4«  3.4  IMPROVED  ANTENNA  WIRE  AND  INSULATORS 

Before  the  recent  advent  of  antenna  wire  and  fittings  of  improved  design  most 
of  the  interference  to  radio  reception  originated  in  the  antenna  and  its  auxiliary  parts. 
The  antenna  is  of  neces  sity  located  in  an  exposed  position  of  high  potential.  The  fine 
wire  of  which  it  was  made,  to  reduce  wind -drag,  had  a  very  small  radius  of  curvature 
and  the  connections  to  inexpensive  strain  insulators  were  crudely  fashioned  and  had 
sharp-ended,  projecting  points. 

Precipitation  static  on  aircraft  employing  external  wire  antennas  is  usually  a 
result  of  corona  discharge  from  the  antennas.  Charging  of  the  whole  aircraft  is 
responsible  for  the  corona.  This  situation  has  been  effectively  dealt  with  by  raising 
the  corona  threshold  of  the  antennas  and  providing  a  discharge  path  for  charges  to 
leave  the  airframe  without  creating  radio  interference.  The  corona  threshold  of  the 
antenna  may  be  raised  by  increasing  its  radius  of  curvature  or  by  coating  it  with  in¬ 
sulating  material  of  very  high  dielectric  strength.  The  Air  Force  and  the  Navy  now 
use  an  anti-corona  antenna  wire,  consisting  of  a  50-mil  diameter,  #16  copper-weld, 
conductor  coated  to  anouter  diameter  of  183  mils  with  polyethylene,  and  the  so-called 
'*wick"  dischargers  on  reciprocating-engine  transports  and  bombers. 

Antenna  fittings  currently  used  with  the  wire  employ  smooth  metal  surfaces 
having  large  radii  of  curvature  for  increased  corona  threshold.  Figure  4.  3,4-A 
shows  the  components  of  antenna  assembly  AS-315/A. 

New  fittings  are  now  in  production  development  which  will  provide  complete 
external  insulation  for  wire  antennas.  Figure  4.  3.  4-B  shows  the  components  of 
these  new  type  fittings  and  antenna  masts.  Figure  4.3,4-C  shows  some  of  the  fittings 
assembled  in  greater  detail.  Mechanical  limitations  make  it  impractical  to  apply 
this  type  of  equipment  to  high-speed  aircraft. 

The  transmitting  and  receiving  antennas  on  aircraft  are  necessarily  mounted 
in  such  a  manner  that  they  are  badly  exposed  to  the  sources  of  precipitation  static. 
The  relation  between  the  speed  of  an  aircraft  and  the  severity  of  precipitation  static 
was  discussed  in  Paragraph  4,  3, 1,  The  great  advances  in  aircraft  speed  aocom- 
plished  in  recent  years  have  necessitated  a  multitude  of  improvements  in  aircraft 
design,  one  of  the  most  important  of  which  is  the  adoption  of  greatly  improved  an¬ 
tennas,  antenna  insulators,  and  masts. 

Field  and  laboratory  tests  have  proved  beyond  doubt  that  the  corona  can  be 
suppressed  by  using  a  wire  covered  with  a  polyethylene  insrilation  and  supplied  with 
fittings  which  protect  the  ends  of  the  wires  from  exposure  by  layers  of  insulating 
material.  It  was  found  that  a  #16  copper-weld  conductor  with  a  diameter  of  50 
mils,  insulated  by  a  sheath  of  polyethylene  to  bring  the  total  outside  diameter  to  183 
mils  was  a  great  improvement  over  the  bare  wires  previously  used.  Insiolators  with 
rounded  corners  that  coxild  be  covered  with  thick  layers  of  tape  were  used  for  con¬ 
nections  but  it  was  still  found  that  these  fittings  were  the  most  likely  place  for  the 
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Guy  Fitting  and 
Strain  Insulator 
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Fig,  4,3,4-C  Anti-Precipitation  Static  Antenna  Hardware  Assembled 
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incidence  oi  corona.  Difficulty -was  also  encountered  from  scratches  and  nicks  in 
the  ends  of  the  wires.  The  new  type  of  antenna  hardware  includes  silicone  rubber 
sleeves,  polyethylene  thrust  washers  and  molded  lucite  caps.  Instead  of  coiling  the 
wire  around  an  insulator  and  twisting  its  end  around  a  lead-in,  a  new  fitting  has  been 
devised  into  which  the  end  of  the  wire  is  forced  and  clamped  between  jaws  which  hold 
it  firmly  without  twisting. 

The  new  type  of  strain  insulator  shown  in  Figure  4.  3.  4-B  &  C  contains  two 
wire-holding  chucks  separated  by  an  ,RF  insulator  and  encased  in  a  molded  sheath 
which  contains  a  sealing  cavity  and  is  closed  at  each  end  with  a  threaded  cap.  The 
Tee-Splice  also  shown  contains  three  wire -holding  chucks  fastened  to  a  metal  tee 
spacer  for  mechanical  and  electrical  connection.  The  insulation  and  sealing  arrange¬ 
ments  at  the  ends  are  similar  to  that  of  the  strain  insulator.  The  Dead-End  Mast 
shown  in  Figure  4,3>4-B  consists  of  a  streamlined  plastic  (Fibreglass)  mast  24  inch¬ 
es  long,  fitted  with  an  adjustable  insert  at  the  upper  end  for  protecting  and  shielding 
the  outer  end  of  the  antenna.  The  insert  contains  a  wire-holding  chuck  encased  in  a 
molded  covering  of  insulating  material.  The  inside  of  the  masthead  is  threaded  to 
fit  the  plastic  nut  on  each  end  of  the  insert,  thus  providing  a  small  amount  of  "take 
up". 

The  Lead-Through  Mast  illustrated  in  Figure  4.  3.  4-B  has  the  same  general 
construction  as  the  Dead-End  Mast.  No  insert  is  used,  but  a  l/4-ittch  hole  is  mold¬ 
ed  into  the  center  of  the  mast  to  permit  the  antenna  wire  to  pass  through  so  that  it 
may  terminate  on  the  inside  of  the  fuselage  of  the  plane.  The  Mast  Socket  also  shown 
consists  of  a  pair  of  molded  brackets  designed  to  mount  and  support  either  type  of 
mast  on  the  skin  of  the  aircraft. 

4.3.5  LOOP  TYPE  ANTENNAS 

The  advantages  of  loop  antennas  are  that  they  can  be  electrostatically  shielded 
against  high  impedance  fields,  that  is,  fields  for  which  the  ratio  of  electric  to  mag¬ 
netic  components  is  large,  they  can  be  brought  closer  to  the  surface  of  the  aircraft 
and  can  fee  designed  to  avoid  sharp  points  or  small  radii  of  curvature. 

The  regulation  flat -top  antenna  are,  of  necessity,  mounted  as  high  as  possible 
in  order  to  intercept  the  required  amount  of  energy  from  the  desired  signal.  This 
is  where  the  electrical  fields  caused  by  precipitation  static  discharges  produce  strong 
surges  into  the  receiving  equipment,  A  loop  antenna,  on  the  other  hand,  by  making 
use  of  a  large  number  of  turns  in  the  loop,  acquires  a  larger  induced  voltage  at  a 
lower  elevation  above  the  aircraft. 

For  the  condition  that  the  circumference  orthe  perimeter  of  the  loop  is  small 
as  compared  to  the  wavelength,  the  induced  voltage  is  given  by  the  equation 

V  =-~ANEcoae  (4-2) 

where  V  is  the  induced  voltage,  A  the  area  of  the  loop  in  square  meters,  A  the  wave¬ 
length  in  ineters,  E  the  field  strength  in  volts/meter,  N  the  number  of  turns,  and 
8  is  the  angle  between  the  incoming  wave  and  the  plane  of  the  loop.  The  maximum 
value  for  V  is  obtained  when  cos  0=1.  The  effective  length  of  the  antenna,  Lg,  in 
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meters,  is  defined  as  V /E  and  has  the  value 


2t<  AN 

W 


(4-3) 


for  the  condition  cos  6  =  I,  The  current  which  flows  through  a  loop  of  impedance  Z 
is 


(4-4) 


The  reactive  part,  of  the  impedance  Z  is  always  inductive  for  a  small 

loop.  If  the  loop  itself  is  designed  so  that  the  inductive  reactance  is  equal  to  a  capac¬ 
itive  reactance  which  is  either  designed  into  the  loop  or  supplied  externally,  then 
the  current  flowing  in  the  circuit  would  be  a  maximum  and  limited  only  by  the  effec¬ 
tive  resistance.  In  this  case. 


where  Q  is  defined  as  the  ratio  of  the ,  reactance,  Xj  ,  to  the  effective  resistance,  Rg, 
It  is  seen,  therisfore,  that  the  induced  current  is  proportional  to  the  "Q*'  of  the  loop. 

In  using  the  loop  as  a  radio  compas  s,  for  example  RADIO  COMPASS  AN/ARN-7 
used  as  a  homing  device,  the  width  of  the  loop  null  is  a  function  only  of  the  radio  in-t 
terference  present.  As  the  null  point  is  reached,  the  automatic  volume  control  in 
the  receiving  equipment  increases  the  amplification,  and  amplifies  any  interference 
in  the  circuit  together  with  the  signal.  If  the  receiver  is  entirely  free  from  interfer¬ 
ence,  the  null  point  may  be  Obtained  very  accurately,  at  least  to  within  one  or  two 
degrees.  One  of  the  disadvantages  of  the  high  impedance  loop  lies  in  the  necessity 
for  physically  locating  it  at  such  a  distance  from  the  receiver  that  the  capacitance 
of  the  connecting  cable  necessitates  ether  changes  in  the  circuit  which  consequently 
decrease  the  effective  height  of  the  loop  and  also  reduce  its  induced  voltage.  Present 
practice  employs  a  low  impedance  loop  which  is  connected  to  the  receiving  set  through 
a  Special  transformer  and  coaxial  cable.  Either  type  of  loop  is  enclosed  by  a  metal- 
lie  shield  connected  to  the  airplane  structure.  When  the  shielded  loopis  put  in  a  posi¬ 
tion  parallel  to  the  line  of  flight,  in  which  case  the  azimuth  angle  of  the  compass 
needle  is  at  90®,  the  loop  antenna  gives  readable  signals  long  after  signals  from 
open  antennas  are  lost  in  crashing  noises.  In  this  90°  azimuth  position,  the  loop 
intercepts  the  maximum  signal  and  minimum  interference.  With  the  local  disturb¬ 
ances  held  to  a  minimum,  the  signal  voltages  can  usually  be  amplified  to  the  point 
where  they  are  readable  above  the  irreducible  interference  background. 


■f* 


J* 


4.  3.  6  TRAILING  WIRE  DISCHARGERS 

Trailing  wire  dischargers  were  employed  several  years  before  Static  Discharg¬ 
ers  AN/ASA-3  became  available.  This  older  type  consisted  of  a  fine  steel  wire  con¬ 
nected  through  a  resistance  of  100,000  ohms  or  more  to  a  high  potential  point  at  the 
rear  end  of  the  fuselage.  Such  a  wire  in  actual  use  was  15  to  30  feet  long.  Because 
of  the  small  diameter  of  the  bare  wire,  there  was  a  tendency  for  it  to  go  into  corona 
before  any  other  part  of  the  airplane.  Corona  discharge  at  the  end  of  the  trailing 
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antenna  would  often  couple  back  to  the  receiving  antenna  and  appear  as  another  source 
of  interference,  A  large  resistance  in  the  circuit  was  used  to  prevent  oscillatory- 
discharge  sj  however,  it  was  found  that  it  was  of  great  importance  to  have  the  re¬ 
sistance  distributed  rather  than  lumped  in  one  place,  hr  its  most  useful  form,  such 
a  trailing  antenna  is  put  into  a  small  shield  from  which  it  can  be  released  by  the 
pilot  through  an  electromagnetic  device  operated  from  the  cockpit,  A  cup  attached 
to  the  outer  end  of  the  wipe  holds  it  in  the  wind  stream.  The  use  of  this  device  has 
frequently  enabled  a  pilot  to  reduce  the  precipitation  interference  enough  to  get  range 
signals  through;  however,  it  does  add  additional  hazards  so  far  as  lightning  strokes 
are  concerned  and  is  falling  into  disuse.  Both  commercial  airline s  and  the  military 
have  experienced  a  high  incidence  of  lightning  strikes  to  trailing  dischargers. 

4.  3.  7  FLUSH  ANTENNAS,  CANOPIES,  AND  RADOMES 

Integral  antennas  may  be  divided  into  two  classes  for  consideration  of  precip¬ 
itation-static  effects.  One  class  is  comprised  of  antennas  which  utilize  portions  of 
the  external  structure,  such  as  wing  and  tail-cap  antennas;  the  second  is  comprised 
of  antennas  housed  within  insulating  material. 

One  problem  which  is  important  for  integral  antennas  of  the  first  class  is  their 
corona  threshold.  Flight  tests  have  shownthat  although  Jet  engines  are  in  themselves 
fairly  efficient  dischargers  they  do  not  completely  compensate  for  higher  rates  of 
impact  charging  produced  by  higher  speeds.  Net  charge  accumulated  on  the  airframe 
raises  the  potential  of  the  aircraft  to  a  point  where  corona  discharge  from  extremi¬ 
ties  may  occur.  S^ince  integpai  antennas  are  often  located  at  such  points,  corona 
discharge  is  still  a  problem.  There  arc  three  methods  of  dealing  with  this  situation. 
The  first  is  to  obtain  more  efficient  dischapgers,  so  that  the  airplane  potential  re¬ 
mains  low.  The  second  is  to  shape  and  locate  the  antennas,  if  possible,  in  such  a 
way  that  they  have  a  high  corona  threshold.  The  third  method  is  to  control  antenna 
discharges  to  greatly  reduce  the  rpagnitude.  of  radio-frequency  interference  accom¬ 
panying  the  corona. 

The  most  fruitful  approach  at  present  is  that  of  designing  the  antenna  lor  high 
corona  thresholds  so  that  large  amowts  of  charge  can  accumulate  on  the  airframe 
without  causing  interference.  It  seems  doubtful  that  much  consideration  has  been 
given  to  this  factor  in  the  past,  and  investigation  of  some  of  the  aspects  of  the  problem 
would  be  very  worthwhile. 

In  general,  some  of  the  same  factors  which  provide  good  efficiencies  on  low- 
frequency  antennas  tend  to  lower  the  corona  threshold;  that  is,  the  antenna  may  func¬ 
tion  best  if  it  is  located  at  points  where  electrostatic  field  intensification  is  high.  The 
problem  of  computing  electrostatic  field  intensities  at  various  points  on  an  aircraft 
is  tedious  and  difficult.  Some  measurements  of  electric  field  at  different  points  on 
a  typical  bomber  have  been  made  in  flight,  and  these  measurements  may  serve  to 
indicate  the  orders  of  magnitude  of  some  of  the  ratios.  Figure  4.3,  7-A  shows  the 
points  at  which  measurements  were  taken,  and  the  ratio  of  the  field  at  these  points 
to  a  point  near  the  center  of  gravity. 

Some  flight  data  obtained  from  corona  threshold  measurements  on  dischargers 
showed  that  the  field  intensity  at  the  tips  of  the  horizontal  and  vertical  stabilizers 
is  comparable  to  the  field  intensity  at  the  wing  tips.  Any  designs  utilizing  aircraft 
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Fig,  4.  3.  7-A  Relative;  Measurements  of  the  Electric  Field 
as  Measured  On  the  Surface  -of  a  Typical  Romhe?  in  Flight 
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Fig.  4.  3.  7-B  Attenuating  Effect  of  Shield 
Coatings  of  Various  Surface  Resistivities 
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extremities  as  antennas  should  be  carefully  considered  from  the  standpoint  of  proba¬ 
ble  corona  threshold,  because  high  values  of  electric  field  arc  obtained  at  these 
points  with  comparatively  small  amounts  of  charge  residing  on  the  airframe.  The 
best  solution  would  be  to  avoid  placing  antennas  on  the  Extremities,  if  that  can  be 
done  without  affecting  performance.  If  performance  requirements  dictate  placement 
on  wing  or  tail  extremities,  every  effort  should  be  made  to  maintain  large  radii  of 
curvature  of  the  conducting  surfaces. 


A  comparatively  large  number  of  integral  antenna  designs  utilize  some  form 
of  housing  constructed  of  insulating  material,  with  antenna  conductors  close  to  the 
surface  of  thehousmg.  If  there  no  conducting  path  provided  across  the  outer 


surface  of  the  housing,  it  is  possible  for  bound  charges  to  build  up  on  the  insulating 
material  as  a  result  of  impact  charging.  When  the  field  gradient  between  charges 
or  between  charge  and  airframe  becomes  high,  disruptive  discharges  occur.  This 
'*streamering”  can  produce  interference  with  characteristics  similar  to  those  of 
antenna  corona,  with  the  exception  that  the  number  of  bursts  per  second  may  not  be 
as  high.  This  type  of  interference  may  be  very  intense  with  small  charging  currents, 
which  results  in  disruption  of  receptioneven  in  very  light  precipitation,  Eadio-com- 
pass  sense  antennas  installed  underneath  plexiglass  canopies  have  proven  very  sus¬ 
ceptible  to  this  type  of  interference.  Plexiglass  has  excellent  insulating  propertias 
so  that  very  small  charging  currents  to  the  plexiglass  surface  develop  high  voltage 
and  consequent  streamering.  Some  flight  measurements  OjfX  the  nose  canopy 

of  a  typical  bomber  showed  10,000  microvolts  of  interference  developed  on  a  test 
antenna  mounted  on  the  inner  surface  when  the  charging  current  to  the  outer  surface 
was  pQhsiderably  less  than  one  microampere  per  square  foot.  The  interference 
measurements  were  taken  at  300  kilocycle s  with  an  effective  bandwidth  of  about  eight 
kilocycles.  At  the  same  time  the  interference  was  measured  on  the  test  antennas, 
the  radio- compass,  which  uses  a  sense  antenna  mounted  on  the  underside  of  the  pi¬ 
lot’s  canopy,  was  inoperative  on  range  signals.  On  this  airplane  it  has  also  been 
observed  that  the  interference  from  the  compass  loop,  which  is  mounted  at  the  rear 
of  the  pilot's  canopy,  becomes  very  large  at  slightly  higher  charging  currents, 

I 


An  additional  undesirable  effect  can  occur  from  charge  accimmlation  on  insulat¬ 
ing  surface®.  Electric  fields  are  produced  on  the  inside  of  the  housing  which  may 
reach  intensities  sufficient  to  cause  corona  from  the  conducting  structure  of  the  an¬ 
tenna,  -Some  measurements  of  corona  current  of  this  type  have  been  made  on  a  typi¬ 
cal  bomber  antenna.  The  corona  is  usually  intermittent,  but  in  conditions  where 
high  values  of  charging  current  are  present  it  can  contribute  significantly  to  the  in¬ 
terference. 


Interference -producing  effects  on  insulating  structures  can  be  greatly  dimin¬ 
ished  by  providing  suitable  conduction  paths  over  the  outer  surface.  Since  the  cur¬ 
rents  involved  are  quite  small,  a  high  order  of  conduction  is  not  required.  If  the 
surface  is  coated  with  a  thin  layer  of  conducting  material,  the  lower  limit  of  con¬ 
ductivity  is  set  by  the  maximum  voltage  difference  which  is  permitted  between  the 
airframe  and  the  surface  of  the  housing  and  the  upper  limit  is  set  by  shielding  effects 
on  radio  signals,  A  limited  investigation  has  shown  that,  in  general,  higher  con¬ 
ductivity  is  permissible  at  higher  frequencies,  and  that  surface  resistivities  rang¬ 
ing  from  three  to  ten  megohms  per  square  are  satisfactory  for  most  applications. 
Calculated  and  measured  attenuation  effects  at  low  and  medium  frequencies  are 
sho:wn  in  Figure  4,  3,  7-B,  It  can  be  noted  that  increased  losses  occur  at  lower  fre¬ 
quencies  for  a  given  coating  resistivity. 
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Beca.us€  pilot's  canopies  are  often  used  as  antenna  housings,  a  need  exists  for 
a  durable  conductive  coating  which  can  be  applied  to  plexiglass  without  degrading  the 
optical  properties.  The  Materials  Laboratory  at  Wright  Field  is  currently  engag»*d 
in  a  program  to  develop  a  sxiitable  coating.  This  group  experienced  difficulty  in 
obtaining  a  coating  in  the  proper  conductivity  range.  As  an  interim  solution,  the 
application  of  conducting  strips  to  canopies  was  considered  and  tried,  but  not  found 
completely  satisfactory.  A  promising  coating  has  now  been  developed  and  tried  with 
success.  Its  resistivity  is  I -ivriiegohins  per  square  and  has  good  erosion  resistance. 

Radio-compass  operation  in  many  of  the  presently  used  fighters  and  bombers 
has  been  severely  limited  by  precipitation  static.  These  installations  utilize  sense 
antennas  mounted  under  plexiglass  canopies,  which  is  often  the  most  practice  place 
to  install  them.  The  problem  is  currently  a  serious  one  with  the  military  aircraft 
and  mantafacturers  are  currently  engaged  in  running  some  tests  of  conducting  strips 
applied  to  the  canopy.  These  tests  are  being  made  with  rather  high  conductivity 
strips  which  are  probably  not  optimum  for  the  purpose.  Manxifacturers  have  reported 
that  the  results  of  one  flight  seems  to  show  that  the  interference  was  decreased  to  a 
point  which  permitted  the  radio -compass  to  operate  although  reception  was  still  quite 
unsatisfactory. 

The  problem  of  interference  coupled  from  corona  or  streamering  regions  to 
antehnas  at  some  distance  away  has  not  been  given  much  consideration  up  to  the 
present  time.  Coupled  interference  is  more  serious  for  the  case  of  weak-signal  re¬ 
ception;  scanty  observations  seem  to  show  that  it  usually  is  not  a  severe  problem 
with  moderate  signal  strengths.  Capacitive  antennas  are  apparently  more  susceptible 
to  intei'ference  pick-up  from  points  in  corona  than  loop  antennas.  For  example, 
corona  points  on  the  wingtipof  a  typical  bomber  coupled  interference  to  the  top-wire 
antennas,  Flight  and  laboratory  tests  made  with  compass  loop  antennas  showed  that 
corona  points  more  than  four  feet  away  from  the  loops  did  not  couple  in  much  inter¬ 
ference  unless  the  loops  were  oriented  for  maximum  pick-up  in  the  direction  of  the 
point.  Interference  coupled  to  wire  antennas  was  greatly  reduced  or  eliminated  if 
the  corona  point  was  screened  from  the  wire  by  portions  of  the  fuselage.  A  point 
worth  stressing  is  that  coupled  interference  may  prove  troublesome  if  the  more  usual 
types  of  interference  are  eliminated. 

4,  3,  8  STATIC  DISCHARGER  AN/ ASA- 3 

Experiments  have  proved  that  charges  can  escape  from  sharp  points  bn  an  air¬ 
plane  without  producing  radio  interference.  This  helps  to  keep  the  aircraft  at  a  low 
potential  with  respect  to  the  surrounding  atmosphere  and  thus  minimizes  the  possi¬ 
bility  of  corona  discharges.  Steel  needle-points  have  a  tendency  to  become  corroded 
so  that  they  are  no  longer  sharp  points.  Fine  cotton  fibers  have  been  found  to  be 
effective  and  practical  when  formed  into  a  so-called  wick,  as  in  the  AN/ASA-3  Static 
Discharger,  Each  fiber  serves  as  a  separate  point  from  which  charges  can  escape. 
The  cotton  is  treated  with  a  compound  winch  reduces  its  resistance  but  keeps  it  high 
enough  so  that  the  current  escaping  from  each  fiber  is  very  small  and  cannot  become 
oscillatory  because  of  the  large  resistance  in  the  discharge  circuit.  The  dischargers 
are  moimted  at  points  of  maximum  electric  intensity  and  removed  as  far  as  possible 
from  antenna  leads  to  reduce  coupling  effects.  They  are  not  completely  effective 
but  are  capable  of  very  greatly  reducing  the  radio  interference.  When  properly  in¬ 
stalled  and  serviced  they  will  discharge,  without  appreciable  interference,  up  to 
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Fig.  4.  3.  8-A  Static  Discharger  an/ ASA-3 


Fig.  4.  3.  8-B  Suggested  Locations  of  Static  Discharger  AN/ ASA-3 
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250  microamperes  per  wick. 

After  exhaustive  tests  by  both  civilian  and  military  personnel  the  "Static  Dis¬ 
charger  AN/ ASA-3"  has  been  officially  adopted  for  use  on  military  aircraft.  This 
discharger  consists  of  a  conducting  cotton  wick  13  inches  long  and  enclosed  in  a  plas¬ 
tic  sheath.  At  one  end.  is  an  cduminum  tube  which  fits  tightly  around  the  wick.  The 
outer  end  of  this  tube  is  flattened  to  provide  for  two  mounting  holes.  In  operation, 
the  plastic  sheath  is  removed  from  1-1/2  inches  of  the  free  end  of  the  wick,  as  shown 
in  Figure  4.  3,  8-A. 


As  shown  in  Figure  4.3. 8-B,  the  dischargers  are  mounted  on  the  trailing  edges 
of  wings,  rudders,  and  stabilisers  where  the  potential  produced  by  precipitation  static 
is  highest,  but  in  far  enough  to  escape  the  extreme  turbulence  at.  the  wingtips.  They 
should  not  be  placed  where  oil  spraying  from  an  engine  exhaust  may  produce  matting 
of  the  fibers.  At  least  sixteen  dischargers  are  required  per  airplane,  depending  on 
the  size,  speed,  and  type  of  airplane.  The  only  servicing  required  is  to  keep  1-1/2 
inches  of  clean  cotton  wick  exposed  outside  the  plastic  sheath  at  the  free  end.  Re¬ 
placement  should  be  made  when  the  wicks  become  shortened  by  wear  to  a  length  of 
6  inches. 


4,  3. 9  BLOCK  AND  SQUIRTEIR  DISCHARGERS 

It  has  been  repeatedly  observed  that  precipitation  static  charges  on  an  airplane 
can  be  reduced  by  use  of  the  radio  transmitters  in  the  plane  so  that  radio  signals  can 
be  received  for  a  short  time,  even  through  the  most  serious  interference,  immedi¬ 
ately  alter  transmitting.  It  has  also  been  noted  that  following  a  lightning  discharge 
in  the  vicinity  of  a  plane  under  thunderstorm  conditions  there  are  a  few  seconds  of 
comparative  quiet  during  which  signals  eome"1hrough  cleA^  The  explanation  is 
that  the  additional  potential  applied  to  the  plane  by  the  transmitter  adds  a  sufficient 
hnpulse  to  discharge  the  accumulated  negative  electricity,  which  is  responsible  for 
the  precipitation  interference.  This  is  because  the  plane  acts  as  ground  for  the  radio 
transmatter  while  its  antenna  is  highly  insulated  from  the  remainder  of  the  aircraft, 
The  additional  potential  given  the  plane  and  antenna  during  the  transmission  helps 
to  discharge  the  accumiilated  static  down  to  a  level  low  enough  for  the  signals  to  get 
through.  In  like  manner,  the  presence  of  a  thunder  cloud  produces  increased  nega¬ 
tive  poientials  on  one  wing  and  increased  positive  on  the  other,  both  of  which  may 
be  above  the  corona  point.  When  the  lightning  discharge  occurs,  the  space  charges 
within  the  cloud  are  reduced  and  the  induced  charges  on  the  airplane  neutralize  each 
other  to  such  an  extent  that  sign^Lls  can  get  through. 

Making  use. of  this  principle,  attempts  have  been  made  by  several  experimen¬ 
ters  to  produce  a  system  within  the  plane  by  which  the  receiving  circuits  are  momen¬ 
tarily  blocked  while  additional  potentials  are  applied  to  the  plane,  or  to  special  dis¬ 
chargers  attached  to  the  plane.  The  time  interval  during  which  the  receivers  are 
blocked  may  be  three  or  four  times  as  great  as  the  listening  time  and  is  usually  ad¬ 
justable,  but  there  still  i.s  a  sufficient  interval  of  listening  time  to  obtain  range  signals 
clearly.  Tests  have  proved  that  such  a  system  is  expensive  to  operate.  It  adds 
considerable  weight  and  a  fire  hazard  due  to  the  high  potentials,  and  is  the  equivalent 
of  only  two  of  the  AN/ ASA-3  dischargers  in  reducing  the  interference. 
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FILTER  -  A  four-terminal  network  designed  to  freely  transmit  currents  or  volt¬ 
ages  of  certain  frequencies  while  attenuating  all  others-  -  Page  1-49 

FREQUENCY  TRANSLATION  -  The  production  of  new  frequencies  in  a  non-linear 
element.  -  Page  1-3 

GROUND  -  A  point  of  "zero'*  or  "reference"  electrical  potential,  often  used  in  the 
following  sense:  (1)  To  connect  to  the  aircraft  structure  through  a  low  impedance 
path,  (E)  To  make  equipotential  with  all  other  "ground  points"  in  the  system. 
Page  1-45 

IMPEDANCE  CONCEPT  -  Consideration  of  impedance  as  the  ratio  of  cause  to  effect 
leads  to  the  idea  which  regards  the  entire  aircraft  as  a  single  network.  -  Page  1-19 
Appendix  V 

IMPEDANCE  (referring  to  networks)  -  The  ratio  of  \roltage  to  current. 
IMPEDANCE  (referring  to  media)  -  The  ratio  of  electric  to  the  magnetic  field  in¬ 
tensity.  -  Page  V-12 

IMPROVEMENT  THRESHOLD  -  The  minimum  signal -to-interference  rationeces- 
sary  at  the  input  to  produce  an  intelligible  signal  at  the  output.  -  Page  T-37 

INSERTION  LOSS  -  The  amount,  usually  expressed  in  decibels  by  which  the  current 
in  a  transmission  line,  on  the  load  side  of  the  network,  has  been  changed  by  the  in¬ 
sertion  of  the  network.  -  Page  3-21 

INTERFERENCE  -  VOLTAGE  REDUCTION  FACTOR  -  The  ratio  of  the  signal-to- 
interference  tatio  at  the  output  to  that  at  the  input  of  a  receiver.  -  Page  1-37 

INTRINSIC  impedance  -  The  ratio  of  electric  to  magnetic  field  intensity  in  a  me¬ 
dium  in  which  no  reflected  wave  is  present.  -  Page  XVI~2 

LABORATORY  TESTS  -  Are  measurements  of  radiated  or  conducted  radio  inter¬ 
ference  in  which  the  test  item  is  placed  in  a  screened  laboratory  room  or  ip  a  con¬ 
fined  area  of  low  ambient  interference  under  controlled  conditions. 

MAJOR  UNIT  -  Is  an  assembly  of  parts,  connected  mechanically  or  electrically, 
such  as  a  radar  transmitter  or  a  power  pack,  to  perform  a  specific  function, 

MICROVOLTS  PER  kc  -  Interference  intensity  in  microvolts  per  kc  is  equal  to  the 
number  or  r.m.  s.  sine  wave  microvolts  (unmodulated),  applied  to  the  input  of  the 
measureing  circuit  at  its  center  frequency,  which  will  result  in  peak  response  in  the 
circuit  equal  to  that  resulting  from  the  interference  pulse  being  measured,  divided 
by  the  effective  bandwidth  of  the  circuit  in  kilocycles.  The  effective  bandwidth  is  the 
area  divided  by  the  height,  of  the  voltage-response-versus-radio-frequency  select¬ 
ivity  curve,  from  antenna  to  peak  detector. 

MISMATCH  RATIO  -  The  ratio  of  impedances  looking  to  the  right  and  to  the  left  of 
a  pair  of  terminals.  -  Page  V-11 

NON-LINEAR  IMPEDANCES  -  Impedances  that  vary  with  current  through  them  or 
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voltage  across  them.  -  Page  1“12 

OPEN  SPACE  -  Is  a  site  ideally  in  open,  flat  terrain  x  00  feet  or  more  from  build¬ 
ings,  trees,  power  lines  or  communication  lines,  unuirground  cables  and  similar 
obstructions. 

PARASITIC  OSCILLATIONS  -  Oscillations  which  occur  at  other  than  a  desired  fre¬ 
quency  or  its  harmonics,  or  outside  a  tank  circuit.  -  Page  3-99 

PRECIPITATION  STATIC  -  Radio  interference  experienced  when  the  flight  path  is 
through  precipitation.  -  Page  4- 1 

RADIATION  -  The  phenomenon  of  electromagnetic  waves  spreading  out  in  space 
from  a  source  according  to  the  laws  of  wave  propagation.  -  Page  1-28 

RADIO  INTERFERENCE  -  Any  electrical  disturbance  which  causes  anundesirable 
response  or  malfunctioning  in  any  electronic  equipment,  -  Page  viii  Introduction  - 
Page  1-1 

RANDOM  NOISE  -  An  electrical  disturbance  that  is  completely  without  regularity 
in, its  detailed  properties.  -  Page  1-1  . 

RECEIVER  -  Any  electronic  equipment  in  whichunwanted  signals  may  cause  an  un¬ 
desirable  response.  -  Page  viii  Introduction, 

SHIELD  -  A  partition  between  two  regions  of  space  such  that  the  electric  and  mag¬ 
netic  fields  of  interest  are  attenuated  in  passing  from  one  region  to  the  other. 

Page  1-46 

SHOT  EFFECT  -  The  irregularity  of  plate  current  in  a  vacuum  tube  due  to  varia¬ 
tions  in  cathode  emission,  -  Page  1-1 

SKIN  EFFECT  -  The  crowding  of  current  toward  the  surface,  or  skin,  of  a  con¬ 
ductor,  -  Page  i-48 

SPURIOUS  RESPONSE  -  To  minimize  cross  modulation  and  overloading,  good  en¬ 
gineering  practice  requires  that  one  or  more  tuned  circuits  shall  be  placed  ahead  of 
the  first  RF  amplifier  stage  of  an  interference  meter.  The  meter  should  also  be 
capable  of  rejecting  spurious  responses  resulting  from  combinations  with  the  funda¬ 
mental  or  harmonics  of  the  conversion  oscillator  system  of  the  superheterodyne 
section  of  the  meter.  The  degree  of  rejection  is  measured  in  terms  of  attenuation 
in  db  relative  to  the  desired  signals.  This  spurious  response  rejection  should  be  at 
least  40  db, 

SURFACE  CONTACT  TRANSIENTS  -  Transients  resulting  from  the  variation  in 
contact  resistances  across  sliding  surfaces  of  rotating  electrical  machines. 

Page  3-75 

SURFACE  TRANSFER  IMPEDANCE  -  The  ratio  of  longitudinal  voltage  drop  along 
the  outside  of  a  tubular  shield  to  the  current  carried  by  the  shield.  -  Page  XI-2 
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SYSTEM  -  Contains  two  or  more  Sets  or  Major  Units  located  at  different  points  but 
accomplishing  their  objective  through  interdependent  or  interrelated  operations,  as 
for  example  a  Propeller  Control  System. 

THERMAL  AGITATION  -  The  thermal  motion  of  the  conduction  electrons  in  a  re¬ 
sistor  causing  minute  interfering  currents.  -  Page  1-1 

TO  BOND  -  To  connect  between  two  points  through  a  low  impedance  path. 

Page  1-40 

TRANSMISSION  FACTOR,  (referring  to  networks)  -  The  ratio  of  the  voltage  in  the 
transmitted  wave  to  that  in  the  incident  wave  at  a  point  of  discontinuity. 
TRANSMISSION  FACTOR,  (referring  to  media)  -  The  ratio  of  the  electric  field  in¬ 
tensity  in  the  transmitted  wave  to  that  of  the  incident  wave  at  a  surface  of  disconti¬ 
nuity.  -  Page  XVI-5 

TRANSMIT  -  RECEIVE  (TR)  BOX  -  A  device  used  in  radar  sets  to  prevent  the 
transmitted  pulse  from  entering  the  receiver.  -  Page  3-105 

UNDESIRABLE  RESPONSE  -  Any  audible,  visible,  or  otherwise  mieasurable  res¬ 
ponse  of  a  receiver  not  produced  by  a  desired  signal  provided  that  either  its  duration 
is  longer  than  one  second  or  its  highest  recurrence  rate  during  normal  operation  of 
the  aircraft  is  greater  than  once  every  three  minutes.  -  Page  1-1 

WAVE  TRAP  -  A  circuit  designed  to  attenuate  greatly  one  frequency  or  a  very 
narrow  band  of  frequencies  while  passing  without  appreciable  attenuation  all  other 
frequencies.  -!  Page  1-61 
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(e)  Franks,  C,J.,  "The  Measurement  of  Radio  Noise  Interference", 
RMA  Engr. ,  Vol,  3,  p,  7- IQ,  November,  1938, 
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MILITARY  SPECIFICATION  MIL-I-6051 

MIL-I-6051. 

MILITARY  SPECIFICATION  MIL-I-6181 

MIL-I-6181  -  Sec.  3. 1,  3.  2.  i  to  3.  2.  5. 

SUSCEPTIBILITY  LIMITS  AND  TESTS 

MIL-I-6181  -  Sec.  3.4.1,  3.4.2. 

MILITARY  SPECIFICATION  JAN-I-225 

JAN-I-225  -  Sec.  A,  B,  C,  D,  H-1. 

JAN-I-225  -  Sec.  F~l;  E-2e(3)i  F-4b(l)  to  F-4c(4). 

Also  Fig.  2.  1.3.' 

MILITARY  SPECIFICATION  MIL-I- 169I0(SHIPS) 

MIL-I-16910(SHIPS) 

RADIO  INTERFERENCE  MEASURING  SETS 

(a)  Aggers,  C.V. ,  Foster,  D.E,,  Young,  C.S. ,  ’’Instruments  & 
Methods  of  Measuring  Radio  Noise”,  AIEE  Transactions,  Vol. 
59,  pp.  178-192,  March,  1940. 

(b)  Burriil,  C.  M. ,  "New  Equipment  to  Measure  Intensity  of  Radio 
Noise”,  Broadcast  News  #32,  pp,6-7,  March,  1940. 

(c)  Daniel,  L.H. ,  "Apparatus  for  the  Measurement  of  Interference 
at  UHF”,  ERA  Report  M/T  64,  1939.  Also,  lEE  Journal,  Vol. 
88,  Part  III,  pp.  41-49,  March,  1941. 

(d)  Davis,  A.H,,  "An  Objective  Noise  Meter  for  the  Measurement 
of  Moderate  and  Loud,  Steady  and  Impulsive  Noises",  Journal 
lEE,  Vol.  83,  pp.  249-260,  August,  1938. 

(e)  OSRD,  "Standard  Radio  Noise  Signal  Generator",  OSRD-5284. 

RADIO  TEST  SET  AN/URM-6 

Gene^ral  Electric,  "Measurement  of  Radio  Noise  with  a  Radio  Re¬ 
ceiver",  May  21,  1948. 

RADIO  TEST  SET  AN/PRM-1 

(a)  NAVSHIP-91255  -  "Instruction  Book  for  Radio  Test  Set,  AN/ 
PRM-1",  Navy  Dept.  Publication,  dtd.  30  September  1949. 

(b)  See  Par.  2.  2.4.  1. 

RADIO  INTERFERENCE  TEST  SET  AN/URM-3 

(a)  Coles  Signal  Lab. ,  "Test  Set  AN/URM-3(  ),  under  Develop¬ 
ment  by  Coles  Sig.  Lab.,  5/20/46. 
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MEA£>UREMENTS  MODEL  58 

Fowler,  Nicholson,  Kreil,  "Investigations  of  the  Measurements  of 
Noise",  Progress  Report  No.  15,  Univ.  of  Penn.  Research  Divi¬ 
sion.  January  15,  1950,  Report  #50-15. 

NOISE -FIELD  INTENSITY  METER  TS-587/U  and  TS-587A/U 

University  of  Pennsylvania,  "Investigations  of  the  Measurement  of 
Noise",  Progress  Report  No.  11,  November  15,  1948,  SER  #49-7. 

RADIO -INTERFERENCE  MEASURING  SET  AN/URM-29 

See  Par,  2.  2.  4.  1 . 

SELECTION  OF  TEST  LOCATIONS 

MIL-I-605,1  -  Sec.  4.  2.  3.  4  to  4.  2.  3.  6. 

APPLICATION  OF  THEORY  TO  PRACTICE 


(a)  See  Par.  2(b), 

(b)  See  Par.  2(c). 

GENERAL  DESIGN  CCNSUEERATIONS  FOR  INTERFERENCE-FREE 

OPERATION 

War  Dept,  ,  "Elimination  of  Radio  Noise  in  Aircraft",  (I)  Int.  to 

aircraft  radio  noise  (ll)  Detecting,  localizing  and  measuring  radio 

noise;  (III)  Application  of  suppression  techniques,  June  25,  1945. 

FILTERS  AND  OTHER  SUPPRESSION  NETWORKS 

(a)  Corby,  R.E.,  "The  Theory  of  a  Three -Terminal  Capacitor", 
Proc,  IRE,  June,  1950,  Vol.  38,  No.  6,  p.  635-6. 

(b)  Frick  &  Zimmerman,  "Aircraft  Radio  Noise  Filters",  Aircraft 
Communications  23,  32,  42,  July,  1943. 

(c)  Rollin  Company,  "Development  of  High  Efficiency  Low  Pres¬ 

sure  Radio  Filters",  Lab.  Report,  Contract  W33-038-AC-17991, 
December  15,  1947,  , 

POWER  LINE  FILTERS 

(a)  AEEL,  "Design  Details  of  a  500  amp.  50  volt  Line  Filter  Suit¬ 
able  for  Use  in  Naval  Aircraft",  Report  No.  75-48,  September 
7,  1948. 

(b)  Edwards,  Jonathan,  "An  Electronic  Power  Supply  Filter ",  IRE 
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Fall  Convention,  San  Francisco,  1949. 
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HARMONIC  SUPPRESSION  FILTERS 

(a)  Linder,  L. ,  "The  Effect  of  Self-Inductance  of  Rolled  Paper 
Capacitors  on  Their  Impedance ",  Elektrotech,  Zeit,  Voi.  6©> 
pp.  793-798,  AF  Translation  dtd.  August,  1946. 

(b)  Mason,  M,P.,  "Filters  &  Transformers  Using  Coaxial  &  Bal¬ 
anced  Transmission  Lines",  Bell  System  Technical  Journal, 
Monograph  B-10G3. 

(c)  See  Par.  3,  1.  1. 

FEED-THROUGH  CAPACITORS 

Sprague  Electric  Co.,  "Small  Size  Feed-Through  Capacitors",  Oct. 

18,  1948. 

SHIELDING 

(a)  AMC,  "Radio  Shielding  of  Aircraft  Engine  Ignition  Systems", 
A*A.  P.,  Engineering  Division,  Technical  Note  TN-92-1. 

(b)  Anderson,  Alton  R. ,  "Cylindrical  Shielding  and  Its  Measure¬ 
ment  at  Radio  Frequencies”,  Proceed,  of  the  IRE  and  .Waves 
and  Electronics,  Vol,  34,  No.  5,  May,  1946. 

(c)  ATSC,  "Shielding  Effect  of  Interference  Eliminating  Flexible 
Tubes",  A.A.  F.  Translation  No.  B18,  April  22,  1946. 

(d)  Lig^htning  &  Transients  Lab.  ,  "Aircraft  Interference  Fields", 
Report  No.  174,  January,  1951,  p.  11-12-17-23-24, 

(e)  Rpsiton,  B,,  "Shielding  at  VHF",  Wireless  Engineer,  July, 
1948,  Vol.  25,  No,  298,  p,  ZZl-ho, 

(f)  Schaefer,  "The  Effect  of  Different  Types  of  Electromagnetic 
Shields",  TranslationbyUniv.  of  Cincinnati,  Edited  byLeibiger 
Research  Lab, ,  Inc.,  August  27,  1947. 

(g)  Technicraft  Lab. ,  "Study  of  Tubular  Shielding",  Final  Report 
Vol,  I,  June  28,  1948;  Vol.  II,  June  29,  1949. 

(h)  Zepler,  E.E.  ,  "The  Technique  of  Radio  Design",  John  Wiley 
and  Sons,  Inc,,  Chap.  8,  The  Principles  of  Screening,  1943. 

(i)  See  Par.  1.8.  1.  1, 

(j)  See  Par.  1.8.2.2(c). 

(k)  See  Par.  1.8.2.2(f). 

JOINTS 

See  Par.  3.  1.  2(h), 

CONTACT  IMPEDANCE 

(a)  Curtis',  A.  M.  ,  "Contact  Phenomena  in  Telephone  Switching 
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Title 

Circuits",  Bell  System  Technical  Journal,  Vol.  19,  No.  1,  p. 
40-62,  Jan.,  1940. 

(b)  Hunt,  L.  B.,  "Electrical  Contacts",  Johnson,  Mathey  &  Co., 
Ltd.,  &  Mallory  Metallurgical  Prod.  ,  Ltd.,  London,  1946. 

CORROSION 

Germer,  L.  M,  ,  Haworth,  F.  E. ,  "Erosion  of  Electrical  Contacts 
on  Make",  Journal  of  Applied  Physics,  Vol.  20,  p.  1058-1109, 
November,  Bell  Telephone  System  Monograph  No.  1710. 

RIGID  CONDUIT 

(a)  Browning,  G.H. ,  "Reducing  Man-Made  Static  (The  Use  of  a 
Shielded  Lead-In  and  the  Calculation  of  the  Appropriate  Im¬ 
pedance-Matching  Network)",  W.E.  &  E.W.  10,  157;  March, 
1933,  Electronics,  pp.  366-368,  December,  1932. 

(b)  Shive,  S.  L. ,  "Effectiveness  of  Conduit  as  R-F  Shielding", 
Electronics,  February,  1946,  160-166,  (Ref.;  Coles  Signal 
Lab,  Tech.  Memo  No,M-1019  of  10.-21-46,  Dev.  of  Procedure 
for  Testing  R-F  Leakage  in  Shielding  Conduit;  and  U,  S.  Patent 
2,  446,  195  of  8-3-48,  Tester  for  Electrical  Shieldings. ) 

(c)  See  Par.  3,  1.  2  (f). 

(d)  See  Par.  3, 1.2(g). 

FLEXIBLE  CONDUIT 

(a)  ATSC,  "Shielding  Effect  of  Interference  Eliminatihg  Flexible 
Tubes",  PB23544,  AAF  Translation, 

(b)  See  Par.  3,  1.  2  (f). 

(c)  See  Par,  3.  1.  2  (g). 

(d)  See  Par,  3.  1.2. 10  (a), 

(e)  See  Par.  3.  1.  2.  10  (b). 

BONDING 

(a)  Micro  Circuits  Co.,  "Non  -  Hardening  Silver  Micropastes", 
January,  1951, 

(b)  Signal  Corps,  Technical  Report  No.  T-1272,  Fort  Monmouth, 
N.  J. ,  November  19,  1951. 

(c)  Watson,  Randolph,  "Aircraft  Electrical  Engineering",  Mc¬ 
Graw-Hill  Book  Co,  ,  1943. 

(d)  See  Par.  1,4  (a). 

(e)  See  Par,  1.8.  1.  1. 

(f)  See  Par.  3.  1.  2,6  (b), 

DIRECT  BONDING 

Blake,  K.W. ,  "Corrosion  and  Radio  Interference",  Royal  NavSci. 
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Ser  J.  1,  34-36,  September,  1945. 

BONDING  JUMPERS 

Whitaker  Cable  Corp. ,  "Qualification  Test  of  Bonding,  Quick  Dis¬ 
connect,  and  Current  Return  Jumpers  Types  I,  11,  and  III",  ENRE, 

USN,  ADS,  October  18,  1949. 

SPECIAL  CIRCUITS 

(a)  Carson,  J.  R. ,  "Selective  Circuits  and  Static  Interference", 
Trans.  AIEE  v  43,  p.  789,  1924. 

(b)  Lightning  &  Transients  Research  Institute,  Technical  Report 
No.  7-A,  Minneapolis,  1948. 

LIMITERS 

(a)  Haviland,  R.  P. ,  "Simple  Noise  Limiter",  Radio  &  Television, 
News  44,  August,  1950. 

(b)  Maguire  Industries,  "Noise  Limiting  Circuits". 

(c)  Markus,  John,  and  Zeluff,  V  in,  "Handbook  of  Industrial  Elec- 
tronic  Circuits  ",  Chapter  on  Limiter  Circuits,  p.  85,  McGraw - 

--  Hill,  1948. 

(d)  Terman,  F.  E.,  "Radio  Engineers  Handbook,  Sec.  9.,  Par.  6-8, 
McGraw-Hill,  1943. 

(e)  U.  Radio,  "Noise  Limiters  (Manual  &  Automatic  Types  for  UHF 
and  BC  Receivers)",  #268,  p.  26-28,  May,  1942. 

(f)  See  Par.  1.4(a),  Sec.  X,  Par.  2. 

WAVE  TRAPS 

See  Par.  1.4  (a),  Sec.  XIV,  Par.  8. 

DESIGN  CONSIDERATIONS  APPLIED  TO  AIRCRAFT  COMPO¬ 
NENTS  FOR  MINIMUM  GENERATION  OF  INTERFERENCE 

(a)  Frick,  C. ,  "How  to  Minimize  the  Radio  Influence  of  Electric 
Devices",  Electrical  Mfg. ,  March,  1939. 

(b)  Gill,  A.J. ,  Whitehead,  S.,  "Electrical  Interference  with  Radio 
Reception",  JIEE,  p.  345-386,  1938,  Vol.  83. 

(c)  Kogel,  K. ,  "Methods  of  H.  F.  Interference  Suppression  for 
Machines  &  Appliances  up  to  500  Watts",  AEG  Mitteilunger, 
pp.  W23S,  September/October,  1941. 

(d)  Majumdar  &  Khastgir,  "Studies  of  Electrical  Interference  to 
Radio  Reception",  Ind.  J.  Phys.  ,  Vol.  17,  p.  271-282,  October, 
1943. 

ROTATING  MACHINERY 

(a)  Frick  8s  Motter,  "Investigation  of  Radio  Noise  Generation  in 
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Aircraft  Electrical  Machinery",  G.E.  Terminal  Report,  Con¬ 
tract  W28-099-ac-83. 

(b)  Signal  Corps,  "Suppression  of  Radio  Interference  Created  by 
Engine-Generator  Units",  Manual  SIG- 461-1,  August,  1945. 

BRUSHES 

(a)  See  Par.  3.  2.  1.  1  (a). 

(b)  See  Par.  1.  3.  2.  1  (a). 

COMMUTATION 
See  Par.  3.  2.  1.  1  (a). 

SHIELDING 

(a)  Diamond,  H.,  Gardner,  F.G.,  "Engine-Ignition  Shielding  for 
Radio  Reception  in  Aircraft",  Proc.  I.R.E.,  v.  18  #5,  840- 
861,  May,  1930. 

(b)  See  Par.  3.  3.  2.  4  (a). 

ALTERNATORS 

Naval  Air  Material  Center,  Phila. ,  Pa.,  "Radio  Interference  Cor¬ 
rectives  for  800-1  Series  Motor  Alternators",  Project  TED  NAM 
EL-406,  Report  No.  ARRL  511-47. 

VIBRATORS 

ASTM,  "Bibliography  and  Abstracts  on  Electrical  Contacts",  1944, 
ELECTRICAL  OSCILLATIONS  IN  STATIONARY  CIRCUITS 

(a)  Carson,  J.R.,  Zobel,  O.  J. ,  "Transient  Oscillations  ib  Wave 
Filters",  Bell  System  Technical  Journal,  July,  1923. 

(b)  Eastman,  A.  V. ,  "Fundamentals  of  Vacuum  Tubes",  McGraw- 
Hill,  Chap.  XI,  1941. 

(c)  Glasgow,  R.S.,  "Principles  of  Radio  Engineering",  McGraw- 
Hill,  Chap.  V.,  1936. 

LOCAL  OSCILLATORS 

See  Par.  3.  3.  2. 

TRANSMITTERS 

(a)  Black,  H.S.,  "Stabilized  Feedback  Amplifiers",  Bell  System 
Technical  Journal,  13,  p.  1,  January,  1934. 

(b)  Cunningham,  W.J.,  Gofford,  S.  J. ,  and  Licklider,  J.  C.  R. , 
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"The  Influence  of  Amplitude  Limiting  and  Frequency  Selectivity 
Upon  the  Performance  of  Radio  Receivers  in  Noise",  Proc. 
IRE,  V.  35,  p.  1021,  October,  1947. 

(c)  Freeman,  R.L.,  "Use  of  Feedback  to  Compensate  for  Vacuum- 
Tube  Input- Capacitance  with  Grid  Bias",  Proc,  IRE,  Vol.  26, 
pp.  1360-1366,  November,  1936. 

(d)  Terman,  F.E.,  "Radio  Engineering”,  McGraw-Hill,  Chap. 
VI. ,  1947. 

(e)  See  Par.  3.  2.  2  (b),  Chap.  IX. 

(£)  See  Par.  3.  4.  3. 

MODULATORS 

(a)  Clayiew,  A.  G. ,  "Signal-To-Noise  Radio  Improvement  in  a 
Pulse -Count-Modulation  System",  FTL,  Elec.  Communication, 
pp.  257-262,  September,  1949. 

(b)  DeLoraine,  E.M, ,  "Pulse  Modulation",  Electrical  Communi¬ 
cation  26,  pp.  222-227,  September,  1949. 

(c)  Mallach,  L.  W.,  "Reduction  of  Radar-Radio  Interference  from 
Modulators",  Radiation  Labs. ,  MIT,  August  3,  1943. 

TRANSFORMERS 

'  (a)  Legg,  V.E.,  "Magnetic  Material  and  Method  of  Treatment 
Thereof",  U.  S.  Patent  #1,998,  840. 

(b)  See  Par.  3.  1.4,  1,  Sec.  2,  Par.  24, 

(c)  See  Par,  3.1.2(h),  Chap.  11. 

PARASITIC  OSCILLATIONS 

(a)  Hultbert,  C.  A.  ,  "Neutralization  of  Screen  Grid  Tubes  to  Im¬ 
prove  the  Stability  of  Intermediate  -  Frequency  Amplifiers", 
Proc.  IRE,  Vol.  31,  pp.  663-665,  December,  1943. 

(b)  See  Par.  3.1,4,!,  Sec.  8,  Par.  6. 

(g)  See  Par.  3,  2.  2  (£),  Chap.  XI.* 

TRANSIENTS  IN  RESONANT  CIRCUITS 

(a)  Cruft  Elec.  Staff,  Harvard  University,  "Electronic  Circuits 
and  Tubes",  Chap.  VII,  Sec.  4,  McGraw-Hill,  1947. 

(b)  Kallman,  H.E.,  Spencer,  R.E.,  Singer,  C,P.  ,  "Transient 
Response",  Proc.  IRE,  Vol.  33,  pp.  169-195,  March,  1945. 

ARCING 

(a)  Hernz,  Fisher,  and  Peger,  "Time  Function  of  the  Radiation  of 
Short  Spark  Discharges",  ATI,  Vol.  13,  #13. 

(b)  Kleis,  J.D.  ,  "How  Contact  Arcing  Can  Be  Minimized",  Elec¬ 
trical  Manufacturing,  January,  1945. 
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(c)  Matson,  Randolph,  Aircraft  Electrical  Engineering,  p,  222, 
McGraw-Hill,  1943. 

(d)  War  Dept,,  "Suppression  of  Radio  Noises",  TM  11-483,  Nov,, 
1944. 

(e)  See  Par.  3.2,2,  p.  110-111. 

IGNITION  SPARKS 

(a)  AAF,  "Radio  Shielding  of  Aircraft  Engine  Ignition  Systems", 
Army  Air  Force  Material  Command,  Serial  TN-92-1,  p,  Xi- 
Xii,  May,  1944. 

(b)  BendixScintilla,  "Development  of  Lightweight  Magnetos",  3rd 
Quarterly  Report,  SCL-3071,  March  15,  1948, 

(c)  Curtis,  L,  F,,  "Ignition  Disturbances",  Proceedings  of  the 
Radio  Club  of  America,  October,  1936, 

(d)  Nethercot,  W„  "The  Relation  Between  the  Sparking  Plug  Cur¬ 
rent  and  the  Short  Wave  Radiation  Produced  by  Ignition  Sys¬ 
tems",  ERA  Report  M/T  53,  1937. 

(e)  Pender,  Harold.  DelMar,  Wrn.A,,  Electrical  Engineers  Hapd- 
book.  Sec.  17,  p.  137,  138,  John  Wiley  &  Sons. 

(f)  Purdy,  R.M,,  "Development of  Lightweight  Magnetos",  Second 
Quarterly  Report, 

(g)  3prague  Electric  Co, ,  "Radio  Interference  Suppressors  ",  Con¬ 
tract  AF  33(038)0353,  February- April,  195Q. 

(h)  WarDept,,  "Radio  Interference  Suppression  System  fay  Inter¬ 
national  Harvester  Co,  Model  DD-l6  Engine  (Magneto  Ignition)?’,' 
TMNo,  M-1279. 

RELAYS 

(a)  Dallas,  J,  P, ,  McCully,  T,  M, ,  "Sensitive  Relay  Contact  Pro¬ 
tection",  Trans,  AIEE,  p,  12Q4-7,  1948, 

(b)  Lightning  &  Transients  Research  Lab,,  "Radio  Interference 
Transients  Investigation",  Technical  Report  No,  2,  p.  1-32, 
March  15,  1946, 

(c)  Lightning  &  Transients  Research  Lab.,  "Radio  Interference 
Transients  ip  Aircraft  -  I",  Technical  Report,  1949. 

(d)  Packard,  Charles  A,,  "Relay  Engineering",  Struthers-Dunn, 
Inc,,  Philadelphia,  1945, 

POOR  BONDING 

(a)  See  Par,  1,3,  2,  2  (a), 

(b)  See  Par,  1.3.  2.  2  (b), 

SWITCHES 

Pfann,  W,  G, ,  "Bridge  Erosion  in  Electrical  Contacts  and  Its  Pre¬ 
vention",  Trans,  AIEE,  p,  1528-33,  Bell  Telephone  System  Mono¬ 
graph  B-1621, 
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FLUOB.ESCENT  LAMPS 

\a)  Young,  C.S,,  "Radio  Noise  from  Fluorescent  Lamps",  EEI 
Bull,  Vol,  12,  p,  59,  February  2,  1944„ 

(b)  See  Par,  3.2,3  (e),  p,  15-29. 


DESIGN  CONSIDERATIONS  APPLIED  TO  AIRCR/^FT  SYSTEMS 

Busignies,  H„  "Some  Relations  Between  Speed  of  Indication  Band¬ 
width  and  Signal-to-B-andom  Noi^e  Ratio  in  Radio  Navigation  and 
Direction  Finding",  Proc.  IRE,  Vol,  37,  p.  478-488,  May,  1949^ 
Electrical  Communication,  Vol,  2,6,  p,  228-242,  September,  1949, 

LORAN  s  ystem 

(a)  AMC,  '^Interference  Rejection  Antenna  System  for  Loran  AN/ 
APN-4  and  Equipments",  MemP  TSELR-66, 

(b)  Pierce,  McKenzie,  apd  Woodward,  "Loran",  Series,  Vol, 
IV, 

navigational  RADAR  SET 
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(f)  Millman,  Jacob,  Seeley,  Samuel,  Chapter  XIX,  Sec.  19-10, 
Electronics,  McGraw-Hill, 
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(c)  Bell  System  Technical  Journal,  "Radar  Systems  and  Compon¬ 
ents",  p.  364-740  -  Van  Nostrand  -  1947. 
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(h)  Ridenour,  "Radar  Systems  Engineering",  MIT  Series,  Vol.  I, 

(i)  Royal  Aircraft  Establishment,  "Interference  in  Communication 
Receivers  from  Radar  D.C,  Pulses",  I  -  Outline  of  Fourier 
Analysis,  II  -  Application  of  Theory  of  Part  I,  III  -  Relation¬ 
ship  between  Spectral  Density  Curves  and  the  Interference 
Curves,  IV  -Experiment  which  Verifies  the  Experimeniul  Re¬ 
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(c)  Gunn,  R, ,  Proc.  I.R.E,,  p,  177,  April,  1946. 

FRICTIONAL  CHARGING  BY  IMPACT  WITH  WATER  DROPS 
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(b)  Nukiyama,  D,,  ‘On  the  Accumulation  of  Electric  Charges  on 
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5,  p.  234-240,  May,  1946. 

(d)  See  Par,  4.  2  (a). 


Paragraph 


4. 2. 4. 4 


1^' 


% 


o 


III  -  20 


PART  n 


APPENDIX  III 


Paragraph 


Title 


4*3.3 


4,  3. 4 


4.3.5 


4, 3.  6 


4.3.7 


4.3.8 


4.  3.  9 


DESIGN  OF  AIRCRAFT  STRUCTURES 

(a)  Military  Specification,  MIL- B- 5087. 

(b)  See  Par,  3,1,4.  p,  22  ff. 

IMPROVED  ANTENNA  WIRE  AND  INSULATORS 

Lightning  and  Transients  Institute,  Quarterly  Progress  Report  No, 
21693-16,  June  16,  I960,  p.  5  £f. 


LOOP  TYPE  ANTENNAS 


(a) 


(b) 


(c) 

(d) 


Chapman,  LA-.»  "Anti- Interference  Aerials",  Wireless  World 
38  Vol,  15,  p,  3,  January,  1936, 

Crossley,  A.,  "Interference  Reducing  Antenna  Systems",  QST 
No,  26,  p.  25-26,  May,  1942, 

Sandi'etto,  "Principles  of  Aeronautical  Radio  Engineering", 
McGraw-Hill,  p,  114  ff. 


Starr,  E.C,,  "Precipitation  -  Static  Radio  Interference  Phe¬ 
nomena  on  Aircraft",  Bull,  10,  1939,  Engineering  Experiment 
Statioh,  Oregon  State  College, 


TRAILING  WIRE  DISCHARGERS 

(a)  National  Advisory  Committee  for  Aeronautics,  Technical  Note 
No.  1001,  1946. 

(b7~See  Par,  4. 3,  5  (a). 

(c)  See  Par,  4.  3,  5  (b), 

(d)  See  Par,  4.  3,  5  (c). 


FLUSH  ANTENNAS,  CANOPIES,  AND  RADOMES 

(a)  Bartelt,  Carl  A.,  Preliminary  Investigation,  WADC  Technical 
Report  No,  52-34,  Part  1,  'Autogenous  Electrification  of  a 
B  45A  Aircraft", 

(b)  See  Par,  4,3.5  (a). 

(c)  See  Par,  4.3,5  (b), 

(d)  See  Par,  4,3,5  (c), 

STATIC  DISCHARGER  AN /ASA- 3 


(a)  Handbook,  Static  Discharger  AN/ASA-3, 

(b)  Naval  Research  Laboratory,  "Installation  of  Dry  Wick  Type 
Electrostatic  Dischargers",  NRL  Report  No.  A903A, 

BLOCK  AND  SQUIRTER  DISCHARGERS 
Army-Navy  Precipitation  Static  Report  No,  A1043A. 


Ill  ~  21 


APPENDIX  III 


PART  11 


Title 


DEFINITIONS 
See  Par,  1,  7,  1, 

APPLICATION  OF  FOURIER  INTEGRAL  ANALYSIS  TO  SIMPLE 
TRAPEZOIDAL  PULSES 

Campbell,  G,A,,  and  Foster,  R,M, ,  "Fourier  Integrals  for  Prac¬ 
tical  Applications  ",  Bell  System,  B-584,  1931, 

FURTHER  CONSIDERATIONS  FOR  USE  OF  THE  IMPEDANCE 
CONCEPT 

(a)  AMC,  "Impedance  ofAircraft ElectricalSystems  at  B-adioFre- 
quencies".  Engineering  Division  Technical  Note  Serial  TN- 
TSELS6-8,  June,  1946, 

(b)  See  Par,  1,4  (b), 

(c)  See  Par,  3,4,  1  (a), 

THE  MUTUAL  INDUCTANCE  BETWEEN  TWO  SETS  OF  INFI¬ 
NITELY  LONG  PARALLEL  PAIRS  OF  STRAIGHT  WIRES 

Grover,  F.W.,  "Inductance  Calculations",  D,  Van  Nostrand  &  Co,, 
1946, 

VIII  SHIELDED  ROOMS  -  CONSTRUCTION  AND  USE 

See  Par,  1,  8,  2,2  (d), 

X  MEASUREMENT  OF  INSERTION  LOSS  OF  FILTERS 

(a)  Armed  Services  Electrical  Standards  Agency,  "Method  o£  In¬ 
sertion-Loss  Measurement  for  Radio  -  Frequency  Filters", 
Project  116A,  Proposed  MIL-STD, ,  October,  1951, 

(b)  MIT,  Radiation  Lab,,  "A  Method  of  Shielding  for  Filter  In¬ 
sertion  Loss  Measurement",  Rad,  Lab,  Report  No,  786,  PB 
2784, 

(c)  Signal  Corps,  "Measurement  of  Filter  Insertion  Loss  at  High 
and  Ultra-High  Frequencies",  Eng,  Lab,,  Tech,  MemoM-1328, 
September  22,  1950, 

(d)  USNEL,  "Discussion  of  Problems  Relating  to  Insertion  Loss 
Measurement  and  Standardization",  Report  No,  84,  Sept,  21, 
1948, 

XI  METHODS  OF  MEASURING  THE  EFFECTIVENESS  OF  SHIELDS 

(a)  Coles  Signal  Lab,,  "Development  of  Magnetic  Field  Probe", 
Tech  Memo  M- 1082,  June  10,  1947, 

(b)  Coles  Signal  Lab.,  'Development  of  Procedure  for  Testing 


Appendix 

II 


IV 


V 


t 


III  -  22 


V 


PART  n 


APPENDIX  III 


Title 

R-F  Leakage  in  Shielding  Conduit",  (0,15- 156  me),  October 
21,  1946, 

(c)  Schelkunoff,  S,A, ,  "The  Impedance  Concept  and  Its  Applica¬ 
tion  to  Problems  of  Reflection,  Refraction,  Shielding,  and 
Power  Absorption",  Bell  System  Technical  Journal,  Vol,  17, 
January,  1938, 

(d)  Signal  Corps,  "Development  of  Procedure  for  Testing  R-F 
Leakage  in  Shielding  Conduit  (0,15-156  me)".  Tech,  Memo  No, 
M-10i9,  October,  1946,  Sig,  Corps  Engineering  Laboratories, 

(e)  See  Par,  1,8. 2. 2  (d). 

(f)  See  Pat.  1.8, 2,  2(e), 

(g)  See  Par.  3. 1,2  (f). 

(h)  Sec  Par,  3,1.2  (g), 

CONSTRUCTION  OF  BONDING  JUMPERS  FOR  SHOCK» 
MOUNTED  EQUIPMENT 

CookResearch  Laboratories,  "Low  Impedance  Path  Bonding  Jump¬ 
ers",  Report  No.  FPRI-l-E.O.  No.  112-133,  p.  343,  June,  1951, 

THEORY  OF  SHIELDING 

(a)  Schelkunoff,  S.A, ,  "A  Theory  of  Shielding",  Bell  Lab.  Record 
14;  p.  229-232,  March,  1936. 

(b)  Lyons,  "Electromagnetic  Shielding",  Proc,  of  IRE, 

DECIBEL  EQUIVALENTS  TO  CURRENT,  VOLTAGE,  AND  POWER 
RATIOS 

Vogelman,  J.H, ,  "The  Derivation  and  Application  of  the  Decibel", 
Eng,  Div,  Watson  Labs,,  Report  tjo,  LESV-2-092447,  April  24, 
1947, 


APPENDIX  IV 


APPLICATION  OF  FOURIER  INTEGRAL  ANALYSIS 
TO  SIMPLE  TRAPEZOIDAL  PULSES 


Let  f  (t)  represent  any  trapezoidal  pulse  as  follows; 


f(t)  = 
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e  parameters,  kj  and  k2  ,  are  the  slopes  of  the  rising  and  falling  portions  of  the 
pulse,  respectively.  The  points  at  which  f{t)  equals  1/2  for  t  =  0  and  t  =  D  are 
fixed  so  that  the  area  under  the  pulse  given  by  the  integral  of  f  (t)  is  a  constant  in¬ 
dependent  of  the  values  of  kj  and  kz.  Since  the  total  energy  df  the  pulse  is  proper. 

tional  to  the  area,  the  energy  also  is  independent  of  ki  and  k^.  The  Fourier  trans- 
lorm  of  f  (t)  is; 
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After  carrying  out  the  integrations,  and  making  use  of  the  fact  that  a  =  l/(2k,) 
b  ~  D  -  l/(2k2),  and  c  =  D  +  l/(2k,),  one  obtains 
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The  quantity  of  interest  is  |f  (u)|  ,  the  absolute  value  of  the  frequency  fuhetion 

v^ini-Cai  IS  '  ^ 


2ira)2  ^^2  ®^*'^2k2  "  2kik2  cos  wD  sin  sin  ~ 


(3) 


As  IX  stands,  this  is  too  complicated  to  allow  an  easy  interpretation.  If  cos  coD 
varies  much  faster  than  the  other  terms,  i.e.,  D=i>l/k  ^and  D»l/k2,  envelope 
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of  jp  (w)]  may  be  established  by  noting  that  for  cos  wD  =  ±1, 

I*"'"’!  '  “'1  ^  ''2 

When  <A)«:k|and  (*)«  k2»  sin  (w/2kj)a«i  w/Zkj  and  sin  a>/2k2»  so  that 

rM=3^(j*i)  (5) 

Hence,  the  low  frequency  response  is  independent  of  kj  and  k2.  At  high  frequencies, 
another  enlTelope  is  obtained  by  setting  sin  (  <«)/2  kj)  s  ±1  and  sin  ( u/2  k^)  =  ±1.  Hence, 

If  Ml  =  <1=1  i  kj)  (6) 

2lf  is 

and  the  high  frequency  components  increase  linearly  with  both  kj  and  k2* 

In  order  to  plot  |F(w)j  ,  itis  assumed,  for  simplicity,  that  k^  =  k2  *  k.  Then, 

(7) 


The  curves  of  Figures  1,2-D  and  1,2-E  show  how  this  function  is  affected  by 
a  variation  of  k  and  D, 
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FURTHER  CONSIDERATIONS  FOR  USE  OF  IMPEDANCE  CONCEPT 


The  purpose  of  this  appendix  is  to  stimulate  thought  and  promote  discussion 
on  the  applicability  of  the  "impedance  concept"  to  radio- interference  problems.  The 
method  of  the  "impedance  concept"  is  anything  but  new,  but  its  application  to  radio¬ 
interference  problems  has  lagged  due  to  the  lack  of  sufficient  basic  data.  This  lack 
severely  limits  the  practical  application  of  the  method  at  this  time.  It  is  hoped  how¬ 
ever,  that  design  and  research  engineers  will  be  stimulated  into  developing  this 
method  sufficiently  to  make  it  a  true,  practical  aid  in  the  solution  of  radio-inter¬ 
ference  problems.  Difficulties  that  may  arise  are  no  argument  against  the  method 
itself,  nor  do  they  detract  from  its  potential  fertility.  As  a  first  step  towards  tap¬ 
ping  this  fertility,  this  appendix  will  point  out  what  information  will  have  to  be  ob¬ 
tained  in  order  to  make  practical  use  of  the  impedance  concept,  how  some  of  the  dif¬ 
ficulties  in  obtaining  this  information  may  be  overcome,  and  how  this  information, 
if  it  were  obtained,  could  be  used  to  establish  practical  methods  of  reducing  radio 
interference. 

The  "impedance  concept"  is  the  foundation  of  engineering  transmission  theory. 
Authorities  in  this  field  have  stated  that  components  of  transmission  systems  must 
have  their  properties  expressed  in  terms  of  appropriately  chosen  impodances,  or 
else  a  new  transmission  theory  must  be  developed. 

The  "impedance  concept"  was  defined  in  the  text  as  the  idea  of  considering  the 
source  of  radio  interference,  the  network  or  medium  through  which  it  is  transmit¬ 
ted,  and  the  receiver  whose  effectiveness  it  finally  impairs,  as  one  single  entity. 
The  term  "impedance"  is  a  general  term  defined  as  the  ratio  of  the  cause  to  the  ef¬ 
fect.  In  electrical  systems,  it  is  the  ratio  of  the  electromotive  force  to  the  current 
that  flows  as  a  result  of  that  force.  The  same  idea  may  be  applied  in  other  fields. 
For  example,  in  mechanical  systems  the  impedance  is  defined  as  the  ratio  of  the 
force  to  the  velocity.  It  is  therefore  quite  common  for  the  design  engineer  to  refer 
to  mechanical  impedances  and  acoustic  impedances,  as  well  as  to  mixed  mutuaT  im¬ 
pedances  and  even  the  "impedance  of  free  space". 

This  approach  may  at  first  appear  "impractical"  to  some  engineers  engaged 
in  "interference  research".  But  careful  study  of  the  subject  brings  out  the  fact  that 
interference  problems  are  basically  of  the  same  nature  as  the  transmission  prob¬ 
lems  which,  in  the  fields  of  telephony,  telegraphy,  and  other  types  of  communica¬ 
tion,  have  been  solved  successfully  by  the  application  of  the  rigorous  analytical 
methods  of  circuit  analysis.  In  this  process,  the  source  is  characterized  solely  by 
its  generated  electromotive  force  and  internal  impedance  (each  assumed  to  be  a 
known  function  of  frequency  over  the  entire  range  of  interest),  the  transmitting  net¬ 
work  or  medium  by  its  three  image  parameter s  (assuming  that  the  network  is  linear), 
and  the  receiver  simply  by  its  impedarfce.  Thus,  it  takes  just  four  impedances  and 
one  image  transfer  constant  to  specify  such  a  system  completely.  This  is  the  justi¬ 
fication  for  the  term  "impedance  concept".  The  impedances  are  simply  the  inter¬ 
nal  generator  impedance,  the  image  impedances  looking  into  the  input  and  output  of 
the  transmission  network  or  medium,  and  the  load  or  receiver  impedance.  The 
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transfer  constant  gives  the  attenuation  and  the  phase  shift  of  the  currents  or  voltages 
under  consideration. 


The  definition  of  the  term  "impedance"  as  given  above  requires  further  ela¬ 
boration.  For  the  impedance  to  have  a  definite,  single  value,  the  cause  and  the  ef¬ 
fect  of  which  the  ratio  is  being  taken  must  both  vary  sinusoidally  in  time.  The  case 
of  being  constant  in  time  is  included  as  that  of  varying  sinusoidally  with  zero  fre¬ 
quency,  The  impedance  is,  in  general,  a  complex  quantity,  its  magnitude  being 
equal  to  the  ratio  of  the  magnitudes  of  the  cause  and  effect,  and  its  phase  angle  giv¬ 
ing  the  difference  in  phase  between  the  two.  Next,  the  definition  is  extended  to  quan¬ 
tities  that  vary  periodically,  but  not  necessarily  sinusoidally,  in  time.  In  this  case, 
use  is  made  of  a  Fourier  series,  as  explained  in  Paragraph  1.2.  The  periodic  var¬ 
iation  is  represented  as  a  sum  of  an  infinite  number  of  sinusoidal  terms.  With  each 
tertm  there  is  associated  a  definite  frequency  and  a  definite  impedance.  The  im¬ 
pedance  of  the  system  has  no  longer  a  single,  definite  value,  but  is  now  a  function 
of  frequency,  assuming  a  definite  value  at  each  discreet  frequency  contained  in  the 
Fourier  series.  Finally,  the  definition  is  extended  to  non-periodic  quantities.  Now 
a  Fourier -integral  expansion  (see  Paragraph  1,  2)  is  required,  and  the  impedance 
becomes  a  continuous  function  of  frequency.  Jt  should  be  pointed  out  that  such  a 
Fourier- series  or  Fourier -integral  expansion  need  not  be  carried  out  explicitly. 
The  knowledge  that  such  an  expansion  is  possible  suffices  to  permit  the  use  of  the 
impedance  of  a  systerp  (considered  as  a  continuous,  complex  function  of  frequency) 
in  formulating  and  analyzing  any  transmission  problem. 


In  most  practical  transmission  problems,  the  initial  datum  is  the  signal  to  be 
transmitted.  An  analysis  is  then  performed  of  the  various  types  of  transmission 
systems  including  the  terminal  equipment  at  both  ends  so  that  the  most  suitable  sys¬ 
tem  may  be  chosen  and  a  basis  for  design  may  be  established.  The  interest  usually 
centers  on  the  proper  transmission  of  the  desired  signal,  Sometimes,  however, 
for  example  in  the  design  of  filters,  the  attenuation  of  signals  other  than  the  one  to 
be  transmitted  is  a  consideration  also.  Even  then,  the  impedances  of  the  source 
and  the  load  into  which  the  filter  operates  usually  need  to  be  considered  only  at  the 
frequencies  to  be  passed.  There  is  the  possibility,  of  course,  that  the  source  or 
load  impedances  may  become  very  low  or  high,  or  go  to  zero  or  infinity,  at  some 
important  frequencies  to  be  attenuated,  and  therefore,  the  designer  should  have  som.e 
idea  of  the  frequency  characteristics  at  ail  frequencies  in  order  to  avoid  the  possi¬ 
bility  of  sharp  dips  in  the  attenuation  characteristics  of  the  filter  pr  network  being 
designed. 


The  application  of  the  impedance  concept,  which  has  proved  so  fruitful  in 
closely  related  problems,  to  the  radio  interference  problem  will  prove  increasingly 
profitable  as  more  pertinent  data,  on  which  an  analysis  can  he  based,  become  avail¬ 
able.  In  fact,  many  engineers  working  in  this  field  are  already  taking  advantage  of 
considerable  data  now  available  and  are  improving  their  measuring  equipments  and 
techniques  to  acquire  additional  data  on  which  to  base  more  efficient  designs.  Diffi¬ 
culties  faced  by  the  interference  engineer  due  to  insufficient  impedance  data  and  the 
general  unavailability  of  conveniently  usable  field- type  instruments  tend  to  set  a 
limit  to  the  applicability  of  the  impedance  concept  to  practical  design  problems  at 
this  time.  But  it  is  hoped  that  forward-looking  engineers  will  take  advantage  of  this 
method  to  an  increasing  degree  as  more  adequate  measuring  techniques  and  instru¬ 
ments  are  developed  and  more  pertinent  data  becomes  available. 
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The  impedance  point  of  view  is  less  helpful  in  the  modification  of  existing 
equipments  and  installations  {i.  e, ,  "field  fixes")  than  in  the  incorporation  of  inter¬ 
ference-reducing  practices  into  the  original  designs.  For,  once  a  particular  piece 
of  equipment  has  been  designed  and  manufactured,  its  impedance  at  all  frequencies 
is  fixed  and  very  difficult  to  change.  If  the  design  was  carried  through  without  giv¬ 
ing  any  consideration  whatever  to  the  impedances  at  the  radio  frequencies  likely  to 
be -encountered,  then  one  cannot  expect  that  by  slight  changes  in  the  transmitting 
network  -  such  as  the  addition  of  capacitors  or  filters,  or  the  rerouting  of  wiring  - 
an  efficient  overall  system  is  produced  haying  all  the  desired  and  none  of  the  unde¬ 
sired  properties.  To  produce  such  a  system,  the  impedance  point  of  view  must  be 
adopted  from  the  very  beginning  and  must  be  taken  into  consideration  in  the  design 
of  terminal  equipment  at  both  ends  as  well  as  of  the  interposed  transmission  net¬ 
work,  Nevertheless,  this  does  not  mean  that  the  existing  equipment  is  useless  from 
the  impedance  point  of  view.  No  design  can  proceed  without  a  wealth  of  pertinent 
basic  data.  Measurements  on  existing  equipments  can  contribute  a  great  deal  to 
such  data,  and  in  fact,  until  other  and  better  equipments  become  ayailable,  exist¬ 
ing  equipments  are  the  only  sources  from  which  such  data  can  be  obtained. 

The  radio  interference  problem  can  be  formulated  in  the  following  way:  Given 
a  piece  of  apparatus  -  say  a  direct ‘current  motor  -  which  is  known  to  be  a  potential 
generator  of  interfering  voltages  or  currents,  given  a  receiver  which  may  be  affec¬ 
ted  by  these  interfering  currents  or  voltages,  and  given  finally  a  transmitting  net¬ 
work,  which  is  really  the  entire  aircraft  with  all  its  electric  and  electronic  equip¬ 
ment  and  associated  wiring.  The  problem  is  to  find  the  dependence  of  the  six  para¬ 
meters  of  this  system  on  all  variables  under  the  control  of  the  designer.  Once  this 
dependence  is  known,  transmission  theory  can  be  used  to  determine  the  optimum 
values  of  the  system  parameters,  and  the  design  can  proceed  to  obtain  the  proper 
values  of  the  controllable  variables,  .  _ 

If  impedances  are  to  be  measured  in  the  conventional  manner-r-termmals  must 
be  designated  between  which  the  measurements  are  to  be  made,  At  very  high  and 
ultra-high  frequencies  such  terminals  may  not  be  available,  and  the  very  word 
’impedance"  must  be  redefined  to  acquire  a  meaning  applicable  to  such  situations. 
This  introduces  anew  type  of  difficulty,  which  will  be  discussed  later.  For  the  time 
being  it  will  be  assumed  that  the  frequencies  are  low  enough  to  insure  meaningful- 
ness  of  the  expression  "impedance  between  a  set  of  two  terminals". 

After  the  statement  of  the  problem,  the  first  step  is  to  choose  two  pairs  of 
terminals,  one  to  he  the  junction  between  the  source  md  the  transmitting  network, 
and  the  other  one  to  he  the  junction  between  the  transmitting  network  and  the  re¬ 
ceiver,  Since  the  interfering  signal  may  leave  the  source  by  any  one  of  several 
routes,  and  may  enter  the  receiver  at  any  one  of  several  places,  this  choice  itself 
is  not  an  easy  one  to  make  and  involves  certain  simplifications  at  the  outset.  If  the 
source  is  completely  surrounded  by  an  effective  shield  so  that  radiated  interference 
may  be  neglected  and  conduction  through  the  power  lead  is  the  only  way  by  which  in¬ 
terfering  signals  can  leave,  then  the  approximation  involved  in  considering  only  one 
pair  of  terminals  at  the  source  is  a  very  good  one.  Similarly,  if  the  receiver  is 
adequately  shielded  and  employs  a  shielded  lead-in  from  the  antenna,  and  if  direct 
coupling  to.  the  antenna  is  negligible,  so.  that  again  the  power  lead  is  the  only  path  of 
entry,  then  all  terminals  but  two  at  the  receiver  .may  safely  be  neglected.  In  other 
cases  these  approximations  may  be  quite  poor.  At  any  rate,  as  in  all  complicated 
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Capacitor 

Fig.  V-2.  Measurement  of  Open-Circuit  Voltage  and  Short-Circuit  Current 

Using  Noisemeter  or  Calibrated  Receiver 

of  the  generated  electromotive  force  and  the  absolute  value  and  phase  angle  of  the 
internal  impedance  of  the  source  as  functions  of  frequencies  may  be  prepared  from 
these  data. 

The  above  method  of  measuring  the  short-circuit  current  is  applicable  only 
when  the  interference  voltages  are  comparatively  high,  It  may  happen  that  tha  short” 
circuit  current  is  too  small  to  produce  a  measurable  indication  on  the  meter,  Then 
an  alternate  method  may  be  employed  using  a  signal  generator  with  calibrated  output 
and  known  internal  impedance  as  shown  in  Figure  V-3,  The  signal  generator  is  coU” 
nected  in  parallel  with  the  battery,  a  large  series  capacitor  being  used  to  protect  the 
generator  from  the  direct  current.  The  output  of  the  signal  generator  must  be  much 
larger  than  the  interference  voltages  generated  by  the  source  so  that  the  latter  can 
be  neglected.  From  a  knowledge  of  the  voltage  as  read  on  the  signal  generator,  its 
internal  impedance  (usually  a  pure  resistance),  and  the  current,  the  absolute  value 
of  the  impedance  may  again  be  determined.  The  reactance  may  again  be  found  by 
connecting  a  standard  inductance  or  capacitance  in  series  and  resonating  it  with  the 
reactance  of  the  source.  This  second  method  is  not  subject  to  frequency  and  wave¬ 
form  errors  provided  that  the  output  of  the  calibrated  signal  generator  is  a  pure 
sine  wave. 

Similar  measurements  must  also  be  made  at  the  input  of  the  receiver.  Again 
the  receiver  must  operate  normally  if  the  measurements  are  to  he  meaningful.  How¬ 
ever,  since  the  receiver  is  a  passive  network,  bridge  methods  may  be  used  provided 
precautions  are  taken  to  prevent  the  power  currents  (normally  at  4Q0  cycles  per 
second  in  aircraft)  from  damaging  the  bridge  or  effecting  the  measurements,  A 
possible  circuit  is  shown  inFigureV-4.  Alternately  a  signal  generator  and milliam- 
meter  may  be  used  in  the  circuit  of  Figure  V-5, 

To  avoid  the  complexities  of  the  impedance  measurements  just  described,  the 
impedance  of  the  source  and  the  receiver  may  be  measured  without  supplying  any 
power.  Recent  tests  have  shown  that  fair  results  maybe  expected  using  this  method,! 
and  data  so  obtained  may  well  serve  as  a  good  first  approximation. 
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Fig.  V-3,  Measurement  of  Internal  Impedance  with  External  Signal  Generator. 


Fig.  V-4.  Bridge  Measurement  of  Receiver  Input  Impeda-ncc 


Fig.  V-5.  Alternate  Method  of  Measuring  Receiver  Input  Impedance 
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Finally,  the  parameters  of  the  transmission  network  must  be  measured. 
These  may  be  obtained  from  measurements  of  the  input  impedances  at  each  end  with 
the  other  end  open- circuited  and  with  the  other  end  short-circuited.  If  the  open- 
and  short-circuit  impedances  at  the  input  are  called  Zqc  ^-nd  Zsc>  respectively,  and 
the  corresponding  impedances  at  the  output  are  called  Z'oc  and  Z'sc»  then  the  image 
impedances  Zlj,  and  Zi^,  and  the  image  transfer  constant,  9,  are  obtained  from: 


The  open-and  short-circuit  impedances  may  be  measured  either  by  bridge 
methods  or  by  means  of  a  signal  generator  and  milliammeter  as  before. 

After  measuring  methods  for  these  six  quantities  have  been  established,  a 
large  number  of  sets  of  measurements  must  be  taken  to  determine  the  effect  of  the 
variation  of  various  controllable  design  quantities  such  as  size  of  wires,  position  of 
ground  leads,  shape  of  frames,  brush  materials,  and  many  others.  This  is  a  huge 
task,  yet  one  that  is  necessary  if  practical  results  are  expected.  Only  if  the  effect 
of  each  design  detail  is  known  can  one  hope  to  be  able  to  control  the  impedances  and 
generated  voltages  by  proper  design  before  the  equipment  is  actually  built. 

To  be  of  practical  use  to  the  designer,  the  information  obtained  must  be  pre-  - 
sented  in  the  form  of  charts  or  curves.  For  example,  one  such  curve  would  give  in¬ 
formation  about  the  variation  of  the  image  impedances  of  the  aircraft  wiring  with 
the  size  of  wires  used.  Another  might  present  data  on  fhe  dependence  of  generated 
interference  voltages  on  brush  pressure  in  a  motor.  (See  Figure  3.  2,  1.  1.  l-A),  A 
third  would  give  the  input  impedance  of  a  receiver  (at  the  power  leads)  as  a  function 
of  ground  lead  location.  It  is  quite  obvious  that  the  number  of  charts  and  curves  re¬ 
quired  is  very  large. 

Measurements  of  the  type  just  described  have  never  been  made  in  actual  in¬ 
stallations  on  an  extensive  scale.  Isolated  attempts  are  on  record  of  obtaining  sig¬ 
nificant  data  in  a  few  special  cases.  Not  many  conclusions  can  be  drawm  from  the 
results  of  these  attempts,  yet  they  bring  out  clearly  the  difficulties  as  well  as  the 
definite  possibility  of  overcoming  these  difficulties.  In  addition,  certain  observa¬ 
tions  are  of  interest  even  though  they  require  thorough  checking  in  view  of  the  spec¬ 
ial  conditions  under  which  they  were  made.  These  observations  are  enumerated 
below: 
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(a)  Measurements  of  generated  interference  voltages  made  by  different  meth¬ 
ods  are  difficultto  correlate.  If  made  accordingto  Specification  JAN- 1- 22  5, 
they  will  yield  consistent  results  and  thus  be  suitable  for  comparisons  and 
standardization,  but  the  true  generated  electromotive  for^:^,s  cannot  be 
obtained  in  this  way  because  measurements  are  made  with  a  load.  Fig¬ 
ures  V-6  and  V-7  show  the  interference  voltages  of  three  motors  at  vari¬ 
ous  frequencies,  the  first  figure  showing  the  results  obtained  according 
to  JAN-I-225,  the  second  those  obtained  when  the  voltages  were  measured 
across  a  load  consisting  of  six  feet  of  special  high- loss  coaxial  cable. 
The  second  figure  probably  gives  more  nearly  the  true  generated  electro¬ 
motive  forces  because  the  cable  presented  a  MgH  resistive  impedance  at 
all  interference  frequencies. 

(b)  The  generated  electromotive  forces  decrease  very  rapidly  for  frequen¬ 
cies  above  one  megacycle  per  second  for  most  motors.  Most  of  their 
energy  is  concentrated  at  the  lower  frequencies. 

(c)  The  impedance  of  the  aircraft  wiring  is  such  that  the  frequencies  above 
one  megacycle  per  second  are  accentuated  by  the  resonances  of  the  wir¬ 
ing  system.  This  results  in  several  high  peaks  of  voltages  or  currents, 
their  number  depending  on  the  length  and  the  complexity  of  the  wiring. 

(d)  For  the  frequencies  of  interest  (from  0.  15  to  iOoO  me)  the  actual  attefi- 
uation  of  the  wiring  system  is  very  small.  Apparent  attenuation  in  any 
one  wire  may  be  large  because  of  the  spreading  of  the  interference  en- 

_ _ _ _ ergv  over  the  entire  wiring  system. 

(e)  Transmission  and  spreading  of  the  interference  energy  is  almost  entirely 
by  conduction  and  inductive  and  capacitive  coupling.  Transmission  by 
radiation  is  negligible  below  150  megacycles. 

(f)  Measurements  of  the  impedance  of  the  wiring  system  show  wide  and  ra¬ 
pid  variations  of  both  the  resistive  and  reactive  components  with  frequen¬ 
cy.  Observed  maxima  and  minima  bear  no  apparent  harmonic  relation¬ 
ship, 

(g)  Serious  impedance  mismatches  are  present  at  the  junction  points  of  the 
wiring  system  and  at  the  points  where  the  wiring  is  terminated  in  electri¬ 
cal  or  electronic  equipment.  These  mismatches  lead  to  reflections  and 
standing  waves  on  the  v/ires  resulting,  in  turn,  in  heavy  concentrations 
of  interference  energy  in  certain  regions  of  the  system.  Broad-band 
matching  would  eliminate  these  concentrations,  but  would  also  deliver 
more  of  the  energy  to  the  terminal  equipment.  At  any  rate,  an  attempt 
must  be  made  to  dissipate  the  energy  before  it  can  do  any  harm  rather 
than  simply  redistribute  it  in  space  or  in  the  frequency  spectrum. 

No  information  is  available  on  the  effect  of  controllable  factors  on  the  measured 
parameters.  Even  if  such  information  were  available,  an  investigation  must  first 
be  made  into  which  values  of  the  parameters  are  most  desirable  from  the  point  of 
view  of  eliminating  radio  interference. 
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Frequency  in  MC 

Fig.  V-6  Conducted  Radio  Interference  of  Three  Motors 
Measured  According  to  Spec.  JAN-I-225 


Fig.  V-7  Conducted  Radio  Interference  of  Three  Motors 
Measured  Through  High-Loss  Six-Foot  Coaxial  Line 
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Ideally,  the  requirement  is  that  no  interfering  currents  or  voltages  shall  reach 
the  receiver.  Assuming  that  the  generation  of  interference  electromotive  forces 
carmot  be  prevented  (though  the  measurement-  suggested  here  would  form  a  basis 
for  designing  the  equipment  so  that  their  ge  ’.ation  is  minimized),  the  problem 
then  is  to  attenuate  the  interference  as  much  as  possible.  As  pointed  out  in  Para¬ 
graph  1.4,  a  signal  undergoes  modification  in  four  distinct  ways  as  it  is  transmitted 
from  a  source  to  a  receiver.  There  is  the  attenuation  proper  in  the  transmitting 
network,  there  are  the  reflection  losses  at  the  input- and  output  of  the  transmitting 
network,  and  there  is  the  interaction  loss  due  to  multiple  reflections.  Of  these, 
only  the  first,  the  attenuation  proper,  is  always  a  true  attenuation  (or  zero).  Any 
one  of  the  other  three  ’’losses"  may  be  negative,  and  hence  may  be  a  gain  rather 
than  a  loss.  If  the  observations  enumerated  above  are  trustworthy,  then  the  atten¬ 
uation  proper  cannot  be  relied  upon  to  provide  a  substantial  reduction  of  interfer¬ 
ence  (see  item  d  above).  Therefore,  the  reflection  and  interaction  losses  must  be 
made  to  produce  the  necessary  reduction  unless  it  is  possible  to  redesign  the  wir- 
ing  system  so  that  true  attenuation  is  obtained  within  the  transmitting  system.  (One 
to  achieve  this  has  been  to  use  lossy  cables  for  all  the  naajor  wiring  in 
the  aircraft). 


Figure  V-8  shows  how  the  reflection  loss  varies  with  the  magnitude  and  phase 
angle  of  the  "mismatch  ratio",  i.e. ,  the  ratio  of  the  impedances  looking  to  the  right 
and  to  the  left  of  a  pair  of  terminals.  This  indicates  that  this  loss  is  positive  for 
all  magnitudes  of  the  ratio  only  when  the  phase  angle,  ^  is  zero.  For  all  other 
phase  angles,  the  loss  is  negative  fora  portion  of  the  range  plotted,  and  this  portion 
as  well  as  the  magnitude  of  the  gain  both  increase  substantially  as  the  phase  angle 


V-8  Reflection  Loss  Resulting  from 
Mismatch  of  Impedances  at  a  Junction 
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varies  towards  180°either  through  positive  or  through  negative  values.  This  figure 
would  have  to  be  used  carefully  in  determining  what  impedances  would  be  desirable 
for  maximum  attenuation.  A  similar  chart  should  be  worked  out  for  the  interaction 
loss. 


If  the  properties  of  the  system  itself  cannot  provide  sufficient  attenuation,  a 
filter  could  be  inserted  between  the  output  terminals  of  the  source  and  the  input  ter¬ 
minals  of  the  transmitting  network.  The  most  efficient  filter  providing  the  maxi¬ 
mum  attenuation  with  the  minimum  expenditure  of  weight  and  space  can  be  designed 
only  when  the  impedances  between  which  it  is  to  operate  as  well  as  the  amplitudes 
and  frequencies  of  the  currents  it  is  to  transmit  and  attenuate  are  precisely  known. 
The  weight  and  space  requirements  for  most  radio  interference  filters  could  be  re¬ 
duced  substantially  without  sacrificing  effectiveness  if  full  information  about  the  im¬ 
pedances  were  available.  In  fact,  this  information  would  not  even  be  required  over 
the  entire  frequency  range  from  0,15  to  1000  me,  but  only  for  the  lower  frequencies 
from  0,15  toabout  3  or  4  me  because  the  generated  interference  has  by  far  the  larg¬ 
est  amplitudes  in  this  lower  region.  The  drawback  of  trying  to  utilize  this  saving 
in  weight  and  space  is  that  a  filter  so  designed  would  be  effective  only  in  the  partic¬ 
ular  position  and  for  the  particular  system  for  which  it  was  designed.  In  the  absence 
of  more  detailed  information,  the  slightest  change  in  design,  such  as  a  change  in  the 
size  of  wires  or  in  the  material  of  the  brushes,  or  even  the  slightest  change  in  lo¬ 
cation  of  wiring  or  equipment,  will  have  a  large  and  entirely  unpredictable  effect  on 
the  impedances  of  the  system,  and  hence  may  make  the  filter  ineffective.  Until  ways 
are  found  of  controlling  the  impedances  and  predicting  their  changes  with  changes 
in  design  parameters,  filters  must  obviously  be  designed  so  as  to  reinain  effective 
under  a  large  variety  of  conditions. 

If  ibis  general  method  is  to  be  extended  to  very  high  and  ultra-high  frequencies, 
additional  difficulties  must  be  overcome.  Above  100  megacycles,  radiation  will  be¬ 
come  important,  and  if  the  circuit  concept  is  still  to  be  used,  the  radiation  resis¬ 
tance  miist  be  included  in  the  impedances.  In  certain  cases,  the  term-  "impedance" 
itself  m^fist  be  given  a  new  meaning.  Instead  of  dealing  with  the  impedance  of  a  net«- 
work,  defined  as  the  ratio  of  voltage  to  current,  it  may  be  necessary  to  deal  with 
the  impedance  of  a  transmitting  medium,  which  is  defined  as  the  ratio  of  the  elec¬ 
tric  to  the  magnetic  field  intensity.  In  defining  this  ratio,  the  type  of  wave  that 
gives  rise  to  the  fields,  i.  e,,  its  geometrical  configuration  and  polarization,  must 
be  specified  in  addition  to  the  properties  of  the  medium  itself.  Since  several  types 
of  electromagnetic  waves  may  be  present  simultaneously,  the  additional  complexity 
introduced  is  clearly  evident. 

In  addition  to  these  basic  difficulties,  practical  difficulties, are  added  due  to 
the  limited  frequency  range  of  conventional  measuring  instruments.  It  is  true  that 
some  voltmeters  and  one  admittance  bridge  are  available  that  can  be  used  up  to 
1000  megacycles.  But  they  require  special  terminations,  which  usually  are  not 
available  in  aircraft.  Impedance  determinations  at  these  frequencies  are  usually 
made  by  standing  wave  measurements.  The  adaptation  of  this  method  to  the  pur¬ 
pose  at  hand  will  require  a  considerable  amount  of  research  and  development. 
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THE  MUTUAL  INDUCTANCE  BETWEEN  TWO  SETS  OF  INFINITELY 
LONG  PARALLEL  PAIRS  OF  STRAIGHT  WIRES 
Consider  the  cross- section  of  the  four  wires  A,  B,  C,  and  D  shown  below 


/HAd^ 


-Plane  oi-PaSr  2 


W  P2 


Plane  of  Pair  1 


- - - i - - - - £ - 1 - MJUl - e 

Assume  that  d  »- s,  so  that 

dj  d  +  s  cos  0 

(1) 

d2  d  -  s  cos  0 

(2) 

Let  the  left  wire  of  Pair  1  carry  a  current  I  out  of  the  plane  of  the  paper  and  the  right 
wire  the  current  I  into  the  plane  of  the  paper.  The  two  components  of  the  magnetic 
field  H  (at  Point  P),  produced  by  the  current  in  wire  A  of  Pair  1,  are  then 

I  cos  (01  -  0 ) 

“  2  ( d  +  s  cos  0  ) 

(3) 

I  sin  (01  -  0  ) 

■”Ad  ”  2  ( d  +  s  cos  0  ) 

(4) 

In  the  same  way,  for  the  field  Hg  set  up  by  wire  B  of  pair  1, 

I  cos  (0  -  02 ) 

"B9  -  2  (d  -  s  cos  0) 

(5) 
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I  sin  (0  -  62) 

2  ( d  -  s  cos  6 ) 


The  total  field  at  P  is  then 


T  -2s  cos  9  -Is  cos  0 

He  =  Hao  +  H-e  ^  — - - - —  — - -J— 

9  A9  B0  2ir  [<i2  _  s2  cos2  0_  ir  d2 


because  cos  (0  -  0j)  ^  cos  (0  -  02)  ^  1  and  d  »  s,  and 


Hd  =  HAd  +  HBd  ^  7- 


j  2d  sin  (  0 j  -  0  ) 
Z  tt  d2  -  $2  CO&2  6 


I  s  sin  0 


,  .  sin  0 

because  sin  {0  j  -  0  )  ^  sin  (  0  -  62)  —  — - 


The  flux  densitVt  B ,  at  Point  P  is  4it  x  10”  ‘  H,  aud  its  component  perpendicular  to 
the  plane  of  Pair  2  is 


Bp  a  4^  X  10“^  (Hd  sin  +  Hg  cos  ^  ) 


4Is  _7 

— ^  X  10  (  sin  0  sin  f  -  cos  8  cos  /  ), 


Ep[  =  — 2  X  10“  '  cos  (0  -}•  ) 


Assuming  that  a  «d,  the  flux  density  B  is  practically  constant  between  the  wires 
C  and  D  of  Pair  2,  Hence,  the  total  flux  for  a  unit  length  of  wire  is 

4  X  s  3> 

$  =  Bp  a  =  - - —  X  10“'^  cos  (8  +9  )  (12) 

^  d2 

and  the  mutual  inductance  (henries /meter)  is 


M  =  X  10“’^  cos  (0  +  9)  (13) 

This  is  a  maximum  when  0  +  9  =  0,  or  0  +  y  =  180°,  and  zero  when  0  +  =  90°. 
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Now  consider  the  above  diagram.  Here  0  -  f  =  90°  and  2  §  s  a,  for  simplicity  j 
but  it  is  no  longer  assumed  that  d  a.  It  is  assumed,  however,  that  the  cross-, 
section  of  the  wires  is  small  as  compared  with  the  distances  between  them-  Then, 
at  P,  .  ”  '  ^ 


2tr  x2  ^  jj2  (a  -  x)^  d^ 

(H) 

Bp  =  4tr  X  IQ""?  Hp 

(15) 

$  ■=  jf^p  ”  4it  X  IQ"^ 

0  Q 

W 

-7 

=  2Ix  IQ  <  40g  (l 

m 

«  a^ 

M  =  -^  =  2  X  IQ-’^  log  (  1 

^  .  d’ 

(181 

If  4  a,  this  expression  for  M  reduces  properly  to  that  on  the  previous  page  since, 
for  X  «  1, 


log  (1  -I-  x)  X  (191 


\ 

1 
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Interference  filters  may  be  constructed  from  reactances  in  various  possible 
configurations,  however,  the  information  presented  in  this  appendix  will  be  confined 
to  ladder  filters  of  the  ’ow  pass  type  shown  in  Figure  YII-1. 


Fig,  VII- 1  Ladder  Network  Filter 

The  series  impedance  Zl,  and  the  shunt  impedance  Z2  consist  of  inductive  or 
capacitive  reactances  or  a  combination  of  both. 

Both  the  T  and  pi-sections,  as  shown  in  Figure  VII-2,  are  grouped  under  the 
common  heading  of  ladder  networks.  Each  of  the  two  series  arms  of  the  T-sectioh 
is  equal  to  Zi/2  resulting  in  a  full  series  impedance  of  Zj,  while  each  of  the  two 
shunt  arms  of  the  pi- section  is  equal  to  ZZg  resulting  in  a  full  shunt  impedance  of 
Zg, 


T -Section 


I  T -Section 

I 


2T- Sections 


Pi -Sect  ion  t  Pi -Section 
Fig.  ViI-2  Basic  Co] 


2Pi -Section 

Included  in  Ladder  Filters 
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Figure  VII-3  shows  a  network  with  three  arms  and  Z^,  connected 

to  a  source  of  voltage  E  whose  internal  impedance  is  Zlj,  and  terminated  by  an  im¬ 
pedance  Zi2*  if  the  impedance  Zjj  is  equal  to  the  impedance  looking  in  from  the 
terminals  1-2,  and  similarly,  if  the  impedance  Zj,^  is  equal  to  the  impedance  look¬ 
ing  in  from  terminals  3-4,  then  the  impedances  Z  jj,  and  Zj;2  are  called  the  image 
impedances  of  the  T  network,  A  similar  relationship  can  also  exist  fora  pi  network. 


Za  Zb 


Fig.  Vn-3  A  T  Network  Tei^minated  by  Its  Image  Impedances 

In  terms  of  open-circuit  and  short-circuit  measurement  the  image  impedances 
Zjj  and  Zi2  for  both  T  and  pi  networks  are  expressed  as 

i  =  \JZoc  Zsc  (1) 

Zl2  =  Zic  (2) 

where  Zqq  and  Z-^  are  the  impedances  looking  into  terminals  1-2  with  terminals 
3-4  open-circuited  and  short-circuited  respectively,  and  Z^,c  and  Z^^ 
pedance  looking  into  terminals  3-4  with  terminals  1-2  open-circuited  and  short- 
circuited,  respectively.  When  the  two  image  impedances  are  equal,  Z^  =  Zb»  the 
filter  is  symmetrical,  and  the  impedances  are  equal  to  Zq.  the  characteristic  im- 
pedance  of  the  network. 

Figure  Vn-4  gives  the  schematic  diagram  of  two  constant-k  filters,  the  equation 
for  their  elements,  and  curves  of  attenuation  plotted  as  a  function  of  frequency.  The 
filters  are  so-Ccilled  because  the  product  Zr  Zz  is  a  consteint  for  ail  frequencies  and 
is  equal  to  k2.  The  value  k  is  equal  to  the  value  Rused  in  the  table  of  Figure  VII-5. 

•The  table  given  in  Figure  VII-5  lists  the  element  values  for  the  full  series  and 
shunt  arms  of  a  low  pass  constant-k  filter  whose  image  impedances  are  equal  to  50 
ohms.  The  following  example  illustrates  the  method  by  which  values  of  Lj  and 
for  cut-off  frequencies  not  listed  in  the  table  may  be  obtained.  A  low  pass  filter 
working  out  of  and  into  a  50-ohm  line  having  a  cut-off  frequency  of  150  cycles  requires 
an  inductance  of  0.106  henries  and  a  capacitance  of  42.4  pf.  For  a  cut-off  frequency 
of  1.5  me  both  of  these  vcilues  must  be  divided  by  10“^,  the  ratio  of  the  desired  fre¬ 
quency  to  the  listed  frequency,  because  the  product  varies  inversely  with  the 

cut-off  frequency. 
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Fig,  VII-4  Conventional  Constant-k  Filters 


The  expression  R  =  suggests  a  method  by  which  data  for  a  filter 

whose  characteristic  impedance  is  R,  different  from  the  valvie  given  in  the  table, 
ean  be  obtained.  First  find  the  required  data  for  a  50-ohm  filter  then  multiply  the 
inductance  by  R/50  and  divide  the  capacitance  by  the  same  value. 


Constant-k  type  filters  act  as  a  resistive  load  throughout  the  pass  band  if  they 
are  properly  terminated  in  their  image  impedeuice.  However,  at  the  cut-off  frequency 
the  load  becomes  zero  for  the  T  network  and  infinite  for  the  pi  network  as  shown  in 
Figure  VII-6.  At  frequencies  beyond  cut-off  the  load  becomes  imaginary.  That  is, 
in  the  attenuation  band  the  filter  acts  as  a  reactive  load,  does  not  take  energy  from 
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ithe  interference  source,  and,  therefore,  does  not  transmit  energy  to  the  terminating 
impedeince.  However,  infinite  attenuation  of  the  interference  frequencies  is  obtained 
only  by  a  filter  with  purely  reactive  arms  which,  of  course,  exists  only  in  theory. 

»  I - -T - - 1 - - - 


fc  (cps) 

L2  (mb) 

C2  (pf) 

5.31x10^ 

2.12x102 

1.69x102 

6.37x10 

1.06x102 

4.24x10 

7.96x10 

3.18x10 

6.37x10 

2.55x10 

300 

5.31x10 

2.12x10 

350 

4.55x10 

1.82x10 

400 

3,98x10 

1,59x10 

450 

3.64x10 

1.41x10 

500 

3.18x10 

1.27x10 

550 

2,89x10 

1,16x10 

600 

2.65x10 

1.06x10 

650 

2.45x10 

9.79 

700 

2.27x10 

9.09 

750 

2.12x10 

8.49 

800 

1,99x10 

7,96 

850 

1,87x10 

7,49 

900 

1,77x10 

7,07 

950 

1.68x10 

6.70 

1x1 

1.59x10 

6.37 

3x10^ 

5,31 

2.12 

10x10^ 

1.69 

6.37x10-1 

30x10^ 

5.31x10"^ 

2.12x10-1 

100x10^ 

1.59xlQ-i 

6.37x10-2 

300x10^ 

5.31x10“2 

2.12x10-2 

1x10^ 

1,59x10”^ 

6.37x10-3 

3x10^ 

5.31x10“^ 

2.12x10-3 

10x10^ 

1,59x10-3 

6,37x10-4 

30x10^ 

6.31x10-- 

2,12x10-4 

Fig.  VII-5  Gonstant-k  Low  Pass  Filter  (R  =  5Qn)  -  Table-1 

If  a  sharper  cut-off  (higher  attenuation  in  the  region  beyond  the  cut-off  fre¬ 
quency)  than  that  exhibited  by  a  constant-k  type  section  is  desired,  it  can  be  obtained 
by  adding  additional  impedances  to  the  pratetype,  the  constant-k  section.  When  the 
values  of  the  added  impedances  are  derived  from  those  of  the  prototype,  the  resultant 
section  is  called  an  M-Derived  filter.  These  impedances  sharpen  the  cut-off  of  the 
section  by  providing  an  attenuation  which  approaches  infinity  at  a  frequency  beyond 
cut-off  as  shown  in  Figure  VII-?, 

The  position  of  the  added  impedance  elements  in  the  filter  network  determine 
the  specific  nomenclature  of  the  section,  if  the  additional  impedcinces  are  added  to 
the  series  arm  of  the  section,  the  section  is  shunt  derived.  The  section  is  series 
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Fig,  VII- 6  Vatriation  of  Image  Impedance  with  Frequency  in 
Xjow  Pass  Constant-h  T  and  Pi  Type  Filters 
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Fig.  Vn-7  Variation  of  Attenuation  with  Frequency 
in  a  Lov/  Pass  M-Derived  T  Type  Filter 
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derived  if  additional  impedances  are  added  to  the  shunt  arm.  Schematic  diagrams 
of  series  derived  m-type  low  pass  filter  sections,  the  expressions  used  to  obtain 
their  component  values  from  the  basic  data,  their  basic  formulas,  the  expressions 
used  to  obtain  their  component  values  from  k-values  and  their  curve  of  attenuation 
plotted  as  a  function  of  frequency  are  shown  in  Figure  VII-8,  Constant  k  values  are 
designed  by  the  subscript  (k)  in  the  expressions  given  in  Figure  VII-8, 

Sharpness  of  cut-off  in  the  m-derived  filter  section  is  a  function  of  m.  To 
obtain  sharp  cut-off,  the  filter  section  should  have  a  frequency  of  infinite  attenuation, 
foo,  close  to  the  cut-off  frequency,  fc*  The  expression 


(3) 


foo  = 


l-m2 


(4) 


which  are  valid  for  a  low  pass  m-derived  filter  shows  that  as  the  ratio,  fc/fso  ap¬ 
proaches  unity  the  value  of  m  approaches  zero,  or  as  m,  approaches  unity  the  values 
foo  and  fj.  become  more  nearly  equal. 


Fig.  Vn-9  Attenuation  of  m-derived  Low  Pass  Filters 

Figure  VII-9  illustrates  the  variation  of  attenuation  with  the  ratio  of  the  cut¬ 
off  frequency  fc  to  the  interference  frequency,  f.  The  attenuation  offered  by  m-derived 
filter  sections  for  all  values  of  m  less  than  unity  becomes  infinitely  high  at  some 
finite  frequency,  foo  ,  and  then  decreases  and  approaches  zero  at  higher  frequencies. 
Although  the  sharpness  of  cut-off  is  more  pronounced  for  the  lower  values  of  m,  it 
is  accompanied  by  correspondingly  lower  values  of  attenuation  which  approach  aero 
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at  frequencies  beyond  the  frequency  of  infinite  attenuation.  To  compensate  for  this 
undesirable  characteristic  a  constant-k  section,  m  =  1,  is  often  used  in  conjunction 
with  m-derived  sectdons.  Its  sharpness  of  cut-off  is  not  as  abrupt  as  those  of  the 
m-derived  sections,  but  its  attenuation  increases  constantly  and  approaches  infinity 
as  the  frequency  increases. 

In  order  to  join  two  or  more  filter  sections  for  the  purpose  of  obtaining  higher 
attenuation  throughout  the  attenuating  bamd,  their  cut-off  frequencies  as  well  as  their 
image  impedances  must  be  identical,  but  their  frequencies  of  infinite  attenuation  may 
be  unequal,  m-derived  T  sections,  each  with  a  different  value  of  m,  make  this  pos¬ 
sible  because  the  image  impedances  of  a  T  section  at  any  frequency  is  the  same  re¬ 
gardless  of  the  value  of  m  as  shown  in  Figure  VII-10.  Therefore,  an  impedance 
match  is  obtained  between  the  T  sections  and  reflections  will  not,  of  course,  take 
place.  However,  it  is  difficult  to  terminate  these  sections  properly  due  to  the  varia¬ 
tion  of  image  impedance  with  frequency,  but  by  the  use  of  terminating  half  pi-sections 
it  is  possible  to  keep  the  image  impedance  of  the  filter  constant  at  all  frequencies 
up  to  approximately  90  percent  of  cut-off  if  the  value  of  m  selected  is  0,6  (a  =  1.25) 
as  illustrated  in  Figure  VII-IO.  The  proper  termination  can  be  accomplished  by 
designing  each  section  as  a  T  network  and  then  rearranging  to  form  a  pi-section  as 
shown  in  Figure  VII-11,  Although  the  entire  filter  looks  like  3  pi-sections,  the  sec¬ 
tions  between  the  dotted  lines  have  a  T  configuration.  It  is  thus  possible  to  alteir  the 
attenuating  characteristics  of  a  filter  without  varying  its  image  impedances  which 
are  equal  to  the  terminating  impedance  of  the  half  pi-section. 

Figures  VII-12  through  VII-IS  give  in  tabular  form  values  of  inductance  and 
capacitsince  for  m-derived  low  pass  filters  having  m  values  of  0.1,  0.2,  0,4,  and  0,6, 
respectively.  The  image  impedance,  R,  of  each  filter  is  SO  ohms.  If  it  is  necessary 
to  employ  a  value  of  R  other  than  the  value  for  which  the  filter  components  are  listed, 
the  component  values  given  in  the  table  must  first  be  found.  The  listed  inductance 
value  or  values  must  be  multiplied  by  R/50,  while  the  listed  capacitance  value  or 
values  must  be  divided  by  R/SO  in  order  to  obtain  the  desired  values  if  the  filter  is 
to  be  designed  at  some  other  nominal  impedance. 
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Cut-off 

Freq. 


fc  (cps) 


Series  Derived 


Shunt  Derived 


'  - 

3x10:: 
lOxio:^ 
30x1 o: 
100x10^ 
300x10^ 
lx  10^ 
3x10? 
10x10^ 
30x10 


5.31x10 
1,  59x10 
1.06x10 
7. 96 
6.37 
5. 31 
4,  65 

3.98 
3.54 
3.  IS 
2.89 
2.65 
2.45 
2.27 
2. 12 

1. 99 
1.87 
1.77 
1.68 
1.59 

5,31x103 
1. 59xI0~ 
5.31x10" 
1. 69x10’ 


T  \ 


1.31x10^ 

3.  93x1  or 

2.62x10^ 

1.97xl0j 

1,58x10^ 

1.31x10^ 

1.  13x10^ 

9.80x10 

8.76x10 

7.87x10 

7.  16x10 

6, 66x10 

6,07x10 

5, 62x10 

5.25x10' 

4.93x10 

4,63x10 

4.38x10 

4. 16x10 

3, 93x10 

1,31x10 

3.93 

1.31 

3.93x10' 


5.31x10  '1  1,31x10 

1.59x10"^  3.93x10' 
5.31x10'2  1.31x10'^ 

1.59x10’^  3,93x10’^ 
5,31x10^  1,31x10’" 


r“ 


2,  12x10 
6.37 
4.24 

3,  18 

2.55 

2. 12 

1 

1.04 

1.59 
1.41 
1.27 
1.  16 
1,06 

9.79x10’: 

9*.  09x10  j 

8, 49x10*  J 

7.96x10’: 

7,49x10*: 

7.07x10*: 

6.70x10": 

6.37x10 

2. 12x10*" 

6.37x10*^ 

2.12x10*:: 

6,37x10’; 

2,  UxlO": 

6,37xlO’J 

2. 12x10’^ 

6.37x10’^ 

2. 12x10’ " 


Lj(mh)  Cj(|jif) 


5,31x10 

1.59x10 

1.06x10 

7.96 

6.37 

5.31 

4,  65 

3.98 
3.54 
3. 18 
2.89 
2.  65 
2.45 
2.27 
2, 12 

1.99 
1.87 
1,77 
1,68 
1,59 

5.31x10' 

1,59x10" 

5, 3  lx lb" 

1.59x10* 

5.31x10’ 

1.59x10' 

5.31xl0" 

1,59x10’' 

5. 31x1 o’ 


5.24x102 

1.57x102 

1.05x10^ 

7,87x10 

6.30x10 

5.24x10 

4.50x10 

3.93x10 

3.49x10 

3. 14x10 

2.87x10 

2.62x10 

2.42x10 

2.25x10 

2. 10x10 

1,97x10 

1,86x10 

1,75x10 

1.66x10 

1.57x10 

5.  24 

1.57 

5.25x10* 

1,67x10’ 

5.24x10*2 

1.57x10"^ 

5.24x10"^ 

1.67x10’^ 

3,25x10’ 


C2(>xf) 

2.  12x10 


6.37 

4,24 

’  j 

3. 18 

2.55 

i  ^ 

(  M 

2.  12 

1.82 

"1 

A 

1.59 

1 

j 

1.41 

1.27 

1.  16 

i 

-1 

O  T'Qvin  * 

1 

4 

9.09x10  : 

8.49x10  , 

7.96x10, 

7.49x10": 

7.07x10"; 

6.70x10’: 

6.37x10" 

2. 12x10"2 

6.37x10"2 

2. 12x10"^ 

6.37x10"; 

2, 12x10’^ 

6.37x10’^ 

2.12xl0’r 
i  6,37x10"^ 

2, 12x10’’' 


Fig,  VII- 12  m-Derived  Low  Pass  Filter  (RsSOji ,  msO.l) 
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Cut-off 

Freq, 

Series  Derived 

Shunt  Derived 

fj.  (cps) 

Lj(ir!h) 

L^Cmh) 

C^{ix.n 

Lj  (txih) 

n  iiii\ 

^2  '  ' 

30 

1.06x10^ 

6.37x102 

1.91x102 

1.27x10'^ 

4.24x10 

1.06x10'^ 

•«% 

2.54xl0"^ 

4,  14x10 

100 

3.  18x10 

1.27x10 

3.  18x10 

7.64x10 

1.27x10 

< 

150 

2.  12x10 

8.48 

2.  12x10 

5.09x10 

8.48 

1 

200 

1,59x10 

9.55x10 

6, 36 

1,59x10 

3.82x10 

6.36 

250 

1.27x10 

7.64x10 

5. 10 

1.27x10 

3.06x10 

5.  10 

a  • 

300 

1.06x10 

6.  37x10 

4.24 

1.06x10 

2,  54x10 

4.24 

350 

9.  10 

5,46x10 

3.64 

9.  10 

2.  18x10 

3.64 

400 

7.96 

4.78x10 

3. 18. 

7.  96 

1.91x10 

3.  18 

450 

7. 08 

4,  25x10 

2.82 

7.08 

1.69x10 

2.  82 

1 

500 

6. 36 

3.  83x10 

2.52 

6.36 

1.  52x10 

2.  52 

550 

5.78 

3.45x10 

2.32 

5.78 

1.39x10 

2.82 

600 

5.  30 

3.  18x10 

2.12 

5.30 

1.27x10 

2.  12 

' 

650 

4.90 

2.94x10 

1.96 

4.90 

1.  17x10 

1.96 

»  ' 

700 

4.  54 

2.72x10 

1.82 

4.54 

1.09x10 

1.82 

750 

4.24 

2.57x10 

1,70 

4.24 

1.02x10 

1.70 

< 

800 

3.98 

2.39x10 

1.59 

3.98 

9.54 

1.59 

850 

3.74 

2.24x10 

1.50 

3.74 

9.00 

1.50 

900 

3.54 

2. 13x10 

1.41 

3.54 

8.49 

1.41 

950 

1x10 

3x10^ 

3.-36 

2.02x10 

1.34 

3.36 

8.04 

1.34 

3.  18 

1.91x10 

1.27 

4.^4xl0”J 

3. 18 

7.65 

1.27 

4.24x10”, 

,1 

1.06 

6.37 

1.06 

2.  54 

lOxlof 

3.1 8x10“ J 

1.91  , 

6.37x10”: 
1.91X10“2 

1.27x10":: 

3. 18x10” J 
1.06x10”. 

3. 18x10”2 

7. 64x10" J 
2, 54x10 "2 
7.64x10”2 

1.27x10”* 

30x10^ 

1003^10^ 

1.06x10”  2 
3. 18x10”^ 

4. 24x10"2 
1.37x102: 

4.  24x10”2 
1.37x10"^ 

3005^1of 

1x10" 

3x10^ 

1.06x10"^ 
3.  18x10"^ 
1.06x10^ 

6,37x10''2 

1,91x10“^ 

6.37x10”, 

4.24x10"^ 

:  U 27x10" . 
4, 24x10 2? 

1.06x10"^ 
3.  18x10"^ 
1.06x10"^ 
3.  18x10"^ 
1.06x10”** 

2. 54x10"^ 
7,64x10  _ 
2.54x102: 

4.24x10”^ 

1.27x10"^ 

4.24x102; 

10x10^ 

30x10' 

3o  18x10 
1.06x10”** 

1.91x10  4 
6.37x10” 

1.27x10"^ 

4.24x10”^ 

7.64x10"^ 

2,54x10”^ 

1.27x10”^ 
4.  24x10” 

Fig4  VII“13  m-Derived  Low  Pass  Filter  (R=50n,  m=0,2) 
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Cut-off 

Freq, 

Series  Derived 

Shunt  Derived 

fc(cps) 

Lj^(!mh) 

L2(mh) 

Jjj,  (mh) 

C^(hl£) 

(laf) 

30 

2. 12x10^ 

2.78x10^ 

8.48x10 

2, 12x10^ 

1, 11x10^ 

8.48x10 

100  , 

6.36x10 

8.35x10 

2.55x10 

6.36x10 

3.34x44:: 

2.55x10 

150 

4.24x10 

5.56x10 

1.70x10 

4.24x10 

2.22x10 

1,70x10 

200 

3,  18x10 

4.17x10 

1.27x10 

3. 18x10 

1.67x10 

1.27x10 

250 

2. 55x10 

3.34x10 

1.02x10 

2, 55x10 

1.34x10 

1.02x10 

300 

2.  12x10 

2.78x10 

8.48 

2. 12x10 

1. 11x10 

8.48 

350 

1.82x10 

2.39x10 

7.28 

1.82x10 

9.  55 

7.28 

400 

1.59x10 

2.09x10 

6.36 

1.59x10 

8.35 

6. 36 

450 

1.42x10 

1.86x10 

5.64 

1.42x10 

7.40 

5.64 

500 

1.27x10 

1.67x10 

5,08 

1.27x10 

6.67 

5. 08 

550 

1.  16x10 

1.52x10 

4.  64 

1. 16x10 

6.09 

4.64 

600 

1.06x10 

1.39x10 

4.  24 

1.06x10 

5.  56 

4.24 

650 

9.  80 

1.29x10 

3.92 

9.80 

5. 14 

3.  92 

700 

9.  08 

1. 19x10 

3.64 

9.08 

4.77 

3,64 

750 

8,48 

1.09x10 

3.40 

8.48 

4.45 

3.40 

800 

7.  96 

1.05x10 

3.  18 

7.96 

4.17 

3.  18 

850 

7.48 

9.82 

3.00 

7.48 

3.  92 

3.  00 

900 

7.  08 

9.29 

2,  83 

7.  08 

3.71 

2.83 

950 

6,  72' 

8.82 

2.68 

6.  72 

3.  52 

2.68 

1x1®^ 

sxi'p: 

6.  36 

2. 

6, 36x10  . 

2.  12x10"^ 

6,36x10"2 

2.  12x10"^ 

.8.35 

2.78 

8,35x10": 

2.78x10"^ 

8.35x10'^ 

2.78x102: 

-2.  55 

8. 48x10" : 
2.  55x10  - 
8.  48x10  "2 
2.55x10"^ 
8.48x10"^ 
2.55x10"^ 
8.48x10"^ 
2.  55x10"^ 
8.48x10"^ 

6.36 

2. 12 

6.36x10": 
2.12x10"^ 
6. 36x10  2 
2.  12x10';: 

3,34 

1.11  . 
3,34x10": 
1, llxl0"2 
3, 34x10" 2 

1,  11x10^ 

2.  55 

8. 48x10"  { 

10x10^ 

303610^ 

iOOiciO^ 

300x10': 

2.55x10"^ 
8. 48x10"  2 
2.55x10"^ 
8.48x10", 

1x10^ 

3x10? 

10x10? 

30x10 

6.36x10"^ 
2.  12x10'^ 
6.36x10'^ 
2.  12x10'^ 

8.35x10'^ 
2.78x10'^ 
8.  35x1 

2.  78x10 

6.36x10 

2. 12x10";: 
6.36x10"^ 
2. 12x10"“* 

3.34x10":: 
1.  llxiO"^ 
3,34x10"^ 
1.11x10"“* 

2.  55x10"^ 
8.48x10”^ 
2.  55x10"“; 
8.48x10"^ 

Fig.  VII-  14  m-Derived  Lov/  Pass  Filter  (R=50jni,  m=d,4) 
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Cut-off 

Freq, 

Series  Derived 

Shunt  Derived 

if.  (cps) 

Lj(mh) 

L^lmh) 

^2  (^f) 

Lj(lrnh) 

Oj(Hif) 

C^iixf) 

30 

3.19x10^ 

;  1.41x10^ 

1.27x10^ 

3. 19x10^ 

5, 64x10^ 

1.27x10^ 

100 

9.54x10 

4.23x10 

3.82x10 

9.  54x10 

1.69x10 

3.82x10 

150 

6,36x10 

2.82x10 

2.54x10 

6.36x10 

1. 13x10 

2,54x10 

200 

4.78x10 

2. 12x10 

1.91x10 

4.78x10 

8.45 

1.91x10 

250 

3.82x10 

1.69x10 

1. 53x10 

3.82x10 
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SHIELDED  ROOM  -  CONSTRUCTION  AND  USE 

The  shielded  room  is  designed  and  constructed  to  provide  a  working  areafrec 
of  spurious  electromagnetic  energy  where  such  energy  would  interfere  with  the  proper 
operation  of  equipment  or  measurements  being  made. 

The  shielding  of  one  area  from  another  is  normally  obtained  by  placing  a 
physical  barrier  between  the  two  regions.  This  shielding  can  be  regarded  as  re¬ 
sulting  from  reflection  and  attenuation  of  the  incident  energy.  Good  reflection  is 
dependent  primarily  upon  high  conductivity,  and  good  attenuation  upon  a  large  con¬ 
ductivity-permeability  product.  A  more  detailed  discussion  of  these  quantities  is 
given  in  Appendix  XVI, 

The  majority  of  shielded  rooms  have  been  built  of  wire  mesh;  however,  in  order 
to  obtain  effective  shielding  at  very  high  frequencies,  sheet  metal  is  used#  Many 
high-quality  rooms  are  double -walled  and  of  sheet  copper.  Copper,  is 

expensive  and  difficult  to  obtain  in  times  of  emergency.  Certain  iron  and  steel 
materials  are  more  readily  obtainable,  cheaper,  and  theoretically  able  to  satisfy 
the  electrical  requirements  with  a  reasonable  wall  thickness# 

If  mesh  walls  are  used,  shieldixm  is  due  primarily  to  reflection  loss,  Copper 
screaning  with  at  least  sixty  strands  per  wave  length  at  the  highest  operating  f  requency 
is  the  best  to  use.  For  optimum  results  it  is  well  to  make  sure  that  the  various  over¬ 
lapping  wires  of  the  mesh  make  oobd  electrical;  contact  with  one  another;  they  mayi 
for  instance,  be  soldered  together.  If  this  is  not  done,  corrosion  may  occur  at  the 
overlap  point  and  capse  each  corroded  Joint  to  act  as  a  noise  generator, 

Shielded  rooms  may  have  either  a  single  wall  or  double  walls.  Rooms  that  have 
an  outer  wall  not  in  metallic  contact  with  the  inner  wall  are  said  to  he  of  the  "doubly 
shielded  type".  When  the  two  walls  .are  electrically  connected,  the  room  is  said  to 
be  of  the  "cell  type". 

Cell-type  me$h  wall  shielding  rooms  are  commercially  available  and  are  re¬ 
ported  to  give  lOQ  db  shielding  from  0.  15  to  IQ,  QQQ  megacycles.  Cell-type  rooms 
have  the  advantage  of  portability  since  they  are  hot  ordinarily  soldered  together, 

t 

On  the  other  hand,  if  solid  metal  walls  are  used,  where  a  large  part  of  the 
shielding  is  due  to.  absorption  loss,  iron  walls  are  best.  For  example,  24  gage  gal¬ 
vanized  iron  sheet  0.635  millimeters,  thick  gives  ,  on  the  basis  of  an  assumed  relative 
permeability  of  1000,  and  absorption  loss  of  133  db  at  13  kilocycles  and  greater  loss 
at  higher  frequencies, 

SHIELDING  VALUE  OF  VARIOUS  SHIELDS 


(a)  Single  Solid  Metal  Shields 


For  a  single  solid  metal  shield,  the  total  loss  in  decibels,  assuming  plane 
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waveSj  is  given  by  equation  (21),  Appendix  XVI: 


Total  shielding  loss  =  3.  34 


S  +  108. 2+10  log 


rf  r 
^in  Hr 


where  f  is  the  frequency  in  megacycles  per  second,  Pj.  the  relative  magnetic  per- 
meabili^  of  the  shielding  material  ([ij.  =  1  for  all  non- magnetic  materials),  d'j,  the 
relative  conductivity  of  the  shielding  material  (tfj.  =  1  for  copper),  and  S  the  thickness 
of  the  shield  in  mils.  This  equation  is  plotted  for  copper  and  some  magnetic  material 
in  Figures  XVI- 3  and  XVI-4. 


(b)  Single  Wire  Mesh  Shields 


Shields  may  be  of  wire  me  sh  provided  that  the  individual  strands  are  joined  to 
one  another  at  their  points  of  intersection,  and  that  the  size  of  the  mesh  openings  is 
extremely  small  compared  to  a  wavelength.  Under  these  conditions  the  mesh  acts  as 
a  surface  with  an  impedance  approximately  the  same  as  that  of  the  metal  composing 
the  strands.  The  principle  shielding  action  of  such  a  mesh  is  due  to  the  reflection 
at  the  first  surface  and  the  shielding  loss  in  decibels  is  therefore  given  by  the  ex¬ 


pression: 


Shielding  Loss 


10  log 


'm"air 


(1) 


Where  z^ir  intrinsic  impedance  of  air  for  the  type  of  wave  considered,  and 

Ztxi  is  the  impedance  of  the  mesh* 

The  mesh  impedance  Zm  ^  quantity  that  is  very  dxfficult  to  determine  ana- 
lyiicaily  since  it  depends  in  a  complicated  way  on  the  size  of  the  wire,  the  size  of  the 
openings  between  wires,  andtlie  impedance  of  the  wire  itself.  It  is  found  that  the  mesh 
with  50%  open  area,  and  on  the  order  of  sixty  or  more  strands  per  wavelength,  has 
an  impedance  very  nearly  the  sam.eas  that  of  the  mesh  material  itself.  Experimental 
confirmation  of  this  result  has  been  tabulated  below  in  Figure  VIII- 1. 


Method  of 

^(cm) 

Strands  per 

r  obtaining  data 

Shielding -db 

Material 

wavelength 

Measured 

23 

copper  screen 

9.1 

17.8 

Measured 

33 

9.1 

48.5 

Calculated 

39 

copper  sheet 

9.1 

(Reflection  one 
surface  only) 

Fig.  Vni-1  Shielding  of  Copper  Sheet  and  Mesh 
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(c)  Double  Shields 


Shielded  rooms  that  have  an  outer  wall  that  is  not  in  metallic  contact  with  the 
ixmer  wall  have  a  greater  shielding  efficiency  than  single-wall  rooms  or  rooms  that 
have  inner  and  outer  shields  connected  in  many  places.  The  shielding  of  the  elect¬ 
rically  isolated  double -wall  rooms  depends  not  only  on  the  wall  material  but  al.so  on 
the  spacing  between  the  walls.  It  turns  out  that  a  given  thickness  of  metal  divided 
into  two  walls  gives  more  shielding  than  the  same  metal  in  a  single  wall. 


If  the  inner  and  outer  walls  are  conductively  connected  at  only  one  point,  for 
ejsample  where  the  power  line  enters  the  room,  the  walls  are  still  effectively  de¬ 
coupled  since  there  is  no  "return  path"  for  the  conduction  current.  If  connection  is 
made  between  the  inner  and  outer  wall  at  two  or  more  points,  then  the  same  current 
can  flow  in  the  inner  and  outer  walls  and  the  shielding  improvement  due  to  the  sepa¬ 
ration  of  the  walls  is  lessened,  but  the  shielding  effectiveness  is  greater  than  that  of 
a  Single  wall  with  the  same  amount  of  metal. 

(1)  Solid  Metal  Walls 


The  shielding  action  of  the  double-wall  room  with  one  or  zero  points  con¬ 
ductive  coupling  between  the  inner  and  outer  walls  may  be  analyzed  as  follows: 
The  absorption  loss  of  each  wall  is  as  given  for  single  solid  metal  walls.  The 
reflection  loss  in  decibels,  assuming  that  the  absorption  loss  in  each  wall  is_ 
greater  than  lo  db,  is  given  in  general  as: 

(  ^air 

Total  Reflection  Loss  =  20  log  T™  7^' 

^air 


•f  20  log 


Zm 


air 


Zaj,.  +  tan  2  L/ A 


'air 


4Z, 


■7  Zni  4  jZaif  tan  2  L/a 

Zair  +  jZm  tan  2  L/a 

where  L  is  the  distance  between  shields  in  meters  and  \  is  the  wavelength. 


<2) 


When  the  spacing  of  the  shields  is  very  close  or  when  L/X  =  N/2,  where 
N  =  1,  2,  3,  .  .  .  the  second  term  of  the  equation  approaches  zero.  These  are 
conditions  of  minimum  reflection.  When  the  spacing  is  an  odd  number  of 
quarter  wavelengths,  that  is  h/X  =  (2N  +  l)/4,  where  N  =  0,  1,  2,  etc. ,  then 
tan  (2»L/A  )— *'©•  and  the  general  equation  becomes 


Total  Reflection  Loss 


20  log 


(  Z-j^  +  Zajtr  )  ^ 
4Zj^Zaij. 


+  40  log 


m 


•7  . 

+  *"Sir 

Z— 

m 


2  Z; 


air 


(3) 


These  are  the  conditions  of  maximum  reflection  loss. 


(2)  Mesh  Walls 

For  the  case  of  two  mesh  screens  electrically  isolated,  or  connected  at 
one  point,  the  predominant  part  of  the  shielding  is  a  result  of  reflection  loss 
which  w'ill  depend  upon  the  spacing  between  mesh  screens,  as  measured  in 
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wavelengths.  The  reflection  loss  is  the  same  as  in  case  (a)  with  Zm  now  stand¬ 
ing  for  the  impedance  of  the  mesh,  provided  only  that  the  mesh  impedance  is 
much  smaller  than  the  impedance  of  air. 

(d)  Cell-Type  Shields 
(1)  Mesh  Walls 


Cell-type  shielded  rooms  have  been  in  common  use  for  seven  or  eight  years, 
and  give  quite  satisfactory  results  for  most  applications.  In  this  type  of  con¬ 
struction  the  inner  and  outer  walls  are  made  of  a  mesh  and  joined  together  at 
many  points.  It  is  impossible  togive  a  simple  quantitative  picture  of  thebeha-^ 
vior  of  such  a  shield.  However,  there  are  several  general  thing  s  which  may  be 
said  qualitatively  about  its  methodof  operation.  At  very  low  frequencies,  where 
the  dimensions  of  the  room  are  small  compared  to  a  free  space  wavelength, 
the  inner  and  outer  shields  are  effectively  in  parallel  and  so  one  should  expect 


to  find  the  reflection  loss  given  by 


Reflection  Loss  =  10  log 


(  Zair  +  ^  ) 
2Zair  ^m 


Thus,  at  low  frequencies  one  expects  the  shielding  to  be  at  least  3  db  better  than 
a  single  shield.  At  very  high  frequencies,  where  the  dimensions  of  the  room 
arc  very  large  compared  to  the  wavelength,  the  multiple  connection  points  * 

should  have  little  effect  on  the  shielding  of  the  room  and  so  Equation  (2)  and 
Equation  (3)  should  describe  the  shielding  properties,  Therefore,  the  cell- 
type  shielded  room  with  double  mesh  walls  can  always  be  expected  to  give  * 

better  shielding  than  a  room  with  single  mesh  walls,  but  not  as  good  shielding  » 

as  the  doable  shielded  room  with  mesh  walls. 

(2)  Solid  Metal  Walls 

‘■H 

Solid-wall  rooms  can  be  built  using  a  cell -type  construction.  As  with  the 
cell-type  rooms  with  mesh  walls,  it  is  impossible  to  give  a  completely  quan¬ 
titative  picture  of  the  ahlelding  action,  but  a  qualitative  picture  of  the  behavior  ^ 

can  be  given.  At  frequencies  near  15  kilocycles,  where  the  absorption  loss  is 
smallest,  there  is  some  conductive  coupling  between  the  inner  and  outer  wails. 

However,  as  canbe  seen  by  reference  to  Figures  XVI-3  and  XVI-4,  the  absorp¬ 
tion  loss  for  any  reasonable  thickness  of  material  is  great  enough  so  that  the 
inner  and  outer  shields  are  fairly  loosely  coupled.  Therefore,  to  a  first  ap- 
proximaticn,  the  conductive  coupling  between  shields  can  be  neglected  and 
shielding  action  can  be  considered  to  be  almost  the  same  as  that  of  a  double¬ 
wall  room.  At  very  high  frequencies  the  approximation  of  no  conductive  coup¬ 
ling  between  inner  and  outer  shields  is  a  very  good  one  and  the  shielding  is 
'  more  nearly  identical  with  that  of  the  double -wail  room.  *■ 

CONSTRUCTION  DETAILS 

(a)  Framework 

The  structural  framework  on  which  the  shield  material  is  placed  is  commonly 
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con$tructed  of  a  good  insulator  such  as  dry,  varnished  spruce  or  redwood.  Redwood 
has  been  used  as  the  insulating  material  in  high  voltage  impulse  generators  and  has 
given  very  satisfactory  results.  A  good  insulator  is  mandatory  for  the  framework 
of  a  double-wall  room  to  prevent  the  flow  of  circulating  conduction  current.  During 
construction  it  is  well  to  take  resistance  readings  with  a  megohmmeter  between  inner 
and  outer  walls  to  make  sure  that  no  extraneous  conduction  paths  occur.  F or  a  single - 
wall  room  or  cell  type  room  either  an  insulator  or  a  conductor  may  be  used  for  the 
framework. 

(b)  Wall  Fastening 

The  joining  of  one  section  of  wall  material  to  another  must  be  carefully  done 
in  order  to  realize  optimum  shielding.  In  the  case  of  solid  metal  walls,  lap  joints 
are  to  be  preferred  with  at  least  a  half- inch  overlap.  Anymethod  of  joining  the  laps 
together  in  a  continuous  fashion,  such  as  soft  soldering  or  roll  welding  is  satisfactory; 
spot  welding  does  not  give  good  results.  Screen  walls  can  be  lapped  and  soldered, 
or  they  can  be  butt-jointed  as  shov/n  in  Figure  VIII-2.  Unsoldered  butt  joints  have 
been  found  to  give  very  good  results  and  are  therefore  to  be  recommended  for  porta¬ 
ble  installations  .  Soldered  joints,  because  of  their  greater  mechanical  strength,  are 
better  for  permanent  installations. 

The  shielding  walls  may  be  fastened  to  the  structural  framework  in  a  variety 
of  ways.  Some  methods  of  fastening  screen  wails  are  shown  in  Figure  VlIl-2  for 
butt-jointed  sections.  Where  lap  joints  aroused  on  screening}  U  nails  may  be  em¬ 
ployed  to  connect  the  screening  to  wooden  structural  members;  soldering  may  be 
used  if  the  structural  members  are  metal. 

Solid  metal  walls  may  be  fastened  to  a  wooden  framework  by  means  of  large- 
head  roofing  nails,  provided  eachnail  head  is  soldered  to  the  wall.  If  a  metal  frame¬ 
work  is  used,  spot  welding  ftt»:y  be  employed. 

(c)  Doors 

The  doors  for  the  shielded  room  should  be  constructed  on  the  inside  and  out¬ 
side  of  the  same  material  ns  the  inside  and  outside  wnUs  of  the  room.  The  door 
must  not  make  electrical  contact  between  the  inner  and  outer  walls  if  double -wall 
construction  U  to  be  used.  This  restriction,  however,  does  not  apply  to  cell-type 
constructiun.  Ordinary  IQ-mil  thick  phosphor  bronze  weather  stripping  should  be 
placed  on  the  inside  edges  of  the  door  and  jamb  so  that  door  and  jamb  make  good 
electrical  contact  when  the  door  is  closed.  If  the  door  and  jamb  are  beveled  it  will 
help  in  making  the  door  electrically  tight. 

The  door  may  be  fastened  securely  by  means  of  several  latches  which  wedge 
the  door  closed  as  they  are  rotated.  It  is  good  practice  to  use  several  latches  in  or¬ 
der  that  the  door  does  not  spring.  An  alternative  approach  to  using  multiple  latches 
is  to  use  a  loop  of  thin- wall  rubber  tubing  set  in  the  door  jamb  completely  around  the 
perimeter  of  the  door.  This  tubing  should  be  filled  with  a  relatively  nou"  compressible 
fluid  such  as  water.  The  door  handle  can  be  fitted  with  a  cam  that  forces  a  plate 
against  the  inside  edge  of  the  rubber  tubing,  compressing  it  as  the  latch  is  rotated. 
This  device  wedges  the  weather  stripping  together  very  tightly.  Satisfactory  doore 
have  been  built  where  the  rubber  tubing  is  expanded  by  means  of  compressed  air 
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Figure  VIII- 3  shows  a  typical  arrangement  of  the  components  of  the  door  and  door 
jamb  for  a  room  with  an  inner  and  outer  shield  of  sheet  iron.  A  door  similarto  that 
pictured  in  Figure  VIII-3  can  be  used  with  a  single-wall  room  if  the  outer  half  of  the 
shielding  is  removed. 

(d)  Ventilation 

The  ventilation  of  screen  rooms  is  no  problem  since  the  air  can  circulate  freely 
through  the  mesh.  Air  can  be  introduced  into  solid- wall  rooms  by  means  of  a  honey¬ 
comb  arrangement  that  acts  as  a  wave  guide  below  cut-off  to  the  radio  waves.  (See 
Paragraph  3. 1.2.2  for  the  design  of  waveguides, )  One  easy  way  to  obtain  the  honey¬ 
comb  is  to  use  an  automobile  radiator.  If  this  is  not  available  the  honeycomb  can 
be  built  with  an  ''egg -crate"  type  construction.  Each  cellmiust  be  joined  electrically 
to  its  neighbor  or  to  the  frame  by  soldering  or  an  equivalent  process.  The  frame, 
in  turn,  must  be  connected  to  the  metal  wall  by  means  of  an  L  channel  soldered  to  the 
frame  on  one  side  and  to  the  wall  on  the  other.  The  honeycomb  can  be  constructed 
from  any  convenient  material.  It  is  obvious  that  such  filters  must  be  placed  in  both 
shields  in  rooms  built  with  double  solid  metal  walls.  These  filters,  of  course,  must 
be  electrically  isolated. 

(e)  Services 

Various  services  may  be  brought  into  the  room  without  affecting  its  shielding 
properties.  Services  such  as  water  or  gas  which  are  conveyed  by  means  of  metal 
pipes  can  be  brought  through  the  walls  of  a  double -shielded  room  near  the  powe  r  lines 
without  causing  difficulty  due  to  multiple  connections.  In  single -wall  rooms  or  cell- 
type  rooms  the  point  of  entry  of  the  services  is  immaterial.  In  all  type  rooms,  how¬ 
ever,  it  is  necessary  to  bond  the  pipes  firmly  to  the  walls. 


Lighting  can  be  obtained  for  screen  rooms  by  means  of  lights  located  outside 
the  room,  Lighting  for  solid  metal  wall  rooms  should  be  obtained  by  means  of  incan¬ 
descent  lamps  run  from  the  room's  power  supply.  Flourescent  lights  are  not  recom¬ 
mended  because  they  have  a  high  interference  power  output  throughout  the  radio-fre¬ 
quency  spectrum. 

(f)  Power  Line  Filters 

It  is  necessary  to  have  power  available  inside  a  shielded  room  to  operate  test 
equipment  Onemethodof  obtaining  power  inside  the  room  is  bymeans  of  batteries* 
However,  this  is  costly  and  an  inconvenient  source  of  power.  Another  method  is  to 
drive  an  alternator  inside  the  room  by  means  of  a  shaft  extending  through  the  room 
wall.  If  the  drive  shaft  is  made  of  metal,  energy  at  all  frequencies  can  come  in  be¬ 
tween  the  shaft  and  its  bearing  because  this  combination  acts  as  a  coaxial  line.  If 
the  drive  shaft  is  made  of  a  non-conductor,  then  the  combinatipn  will  act  as  wave 
guide  below  cut-off  at  low  frequencies,  but  at  high  frequencies  will  propogate  energy 
readily  for  any  reasonably  sized  shaft.  The  most  practical  way  to  get  power  into  the 
room  is  to  bring  it  in  on  well-filtered  power  lines. 

The  power-line  filter  is  the  most  critical  component  in  the  shielded  room. 
Usually  the  over-all  shielding  characteristics  of  a  room  are  the  same  as  those  of 
the  filter.  This  reflects  the  fact  that  the  filter  is  the  most  difficult  component  of 
the  room  to  build.  (See  Paragraph  3.  1.  1.  2  for  design  of  power  line  filters. ) 
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Section  A- A 

Fig.  VIIJ.-3  Detail  of  Shielded  Room  Door  and  Door  Frame 
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COMPARISON  OF  CONDENSER  INPUT  AND  INDUCTANCE  INPUT 
L-TYPE  NETWORKS  FOR  USE  IN  DC  MOTORS 

It  is  required  to  determine  the  proper  position  of  a  condenser  to  be  installed 
in  a  direct  current  motor  with  a  series  field.  Assume  that  the  interference  source 
acts  as  a  voltage  generator  with  an  inductive  internal  impedance.  Consider  the  fol¬ 
lowing  two  networks  and  their  matrices. 


L  is  the  inductance  of  the  series  field,  Z  is  the  load  impedance  seen  by  the  motor; 
whichmay  be  resistive,  inductive,  or  capacitive.  Hence,  the  ratio  of  the  currents  is; 


Let  Z  =  R  +  j  X,  Then  the  ratio  reduces  to; 

i^  A  -  (0  Lg  +  j  (  B  4-  Rg  ) 
M  "  A-X+;(B  +  R) 


(2) 
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where 


R„R  1 

A  =  — ^ —  +  -  + 


wL  uC  ui^LC  wDC 


R-X  L„R  Ro  -H  R 

B  =  — i_+  - £ - 

w  L  L  0)2  L  C 


LgX 


Now  the  question  is  whether  the  ratio  |i2/il|  is  larger  or  smaller  than  unity.  Con¬ 
sider  the  following  cases; 

(a)  The  load  is  resistive;  X  =  0.  Then  the  absolute  value  of  the  numerator 
is  larger  than  that  of  the  denominator  for  high  frequencies,  say  «  >  .10®, 
since  A  decreases  rapidly  with  frequency  and  the  imaginary  parts  do  not 
differ  from  one  another  by  much  for  normal  values  of  Rg  and  R,  Hence, 
for  the  frequencies  of  interest. 


(b)  The  load  is  inductive;  X  =  Dl  ^  0,  Then,  for  small  A,  the  denominator 
increases  as  «  ®^wd  the  numerator  as  w  Dg,  the  armature  inductance 
of  the  motor,  is  normally  about  1  to  5  henries.  No  load  inductance  as  large 
as  this  is  likely  to  be  encountered.  Hence  it  may  be  assumed  that  Lg* 

and  again 


(c)  The  load  is  capacitive;  X  =  -  ( 1  /wCj^)  <  0,  Then,  for  small  A,  the 

numerator  increases  as  «  Lr^  and  the  denominator  as  1  /  wCl,  For  normal 
values  of  Cj^(10"^^  to  10~7farads)  and  the  frequencies  of  interest,  the 
numerator  will  again  he  larger  than  the  denominator.  Hence*  again 


^2 

T-  >  1 


5  1 
*  s  ! 

11  -■ 


It  is  concluded  that  the  condenser  arrangement  of  the  first  circuit  shown  is 
always  preferable  except  for  those  rare  cases  where  the  above  assumptions  do  not 
hold. 
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MEASUREMENT  OF  INSERTION  LOSS  OF  FILTERS 


This  appendix  covers  the  most  recent  technique  and  procedure  for  measuring 
the  insertion  loss  of  filters  designed  to  operate  in  the  frequency  range  of  10  to  1000 
megacycles.  Insertion  loss  is  defined  as  the  number  of  decibels,  or  nepers,  by 
which  the  current  on  the  load  side  of  a  network  has  been  changed  by  the  insertion  of 
the  filter.  Since  the  current  through  the  load  is  reduced  by  the  insertion  of  a  shunt 
path,  load  voltage  is  proportionately  reduced,  assuming  a  constant  load.  The  ratio 
of  output  current  with  a  shunt  path  to  the  output  current  without  a  shunt  path  is  equiv¬ 
alent  toi  the  ratio  of  voltage  across  the  load  with  and  without  the  shunt  path.  There¬ 
fore,  insertion  loss  is  measured  more  conveniently  by  the  expression  20  log 
The  ratio,  Eg/Ej  is  explained  in  a  later  paragraph. 

Accurate  insertion  loss  measurement  requires  that  the  filter  under  test  be  in¬ 
serted  between  source  and  load  impedances  which  remain  constant  atnd  are  known 
throughout  the  entire  frequency  range  of  measurement.  Isolation  pads  or  attenuators 
are  required  to  provide  sufficient  isolation  between  the  filter  under  test  and  the  sig¬ 
nal  generator,  as  well  as  the  signal  detector  on  the  output  side,  This  provides  a 
constant  and  specific  impedance  to  the  filter  at  all  frequencies,  A  50  ohm  resistive 
network  has  been  adopted  for  convenience,  since  50  ohm  cable  and  connectors  are 
standard  items. 


Figure  X  illustrates  two  arrangements  for  measuring  insertion  loss.  The  al¬ 
ternate  method  given  in  b  is  useful  for  obtaining  measurements  up  to  400  megacycles. 
The  basic  circuit,  as  shown,  consists  of  a  calibrated  RF  sine  wave  voltage  source 
which  supplies  a  signal  through  a  coaxial  transmission  line  and  attenuator  to  the  fil¬ 
ter  under  test,  then  to  another  attenuator,  receiver,  with  the  final  output  registered 
on  the  output  meter.  In  the  process  of  obtaining  data  for  measurement,  as  a  first 
step  adjust  the  receiver  gain  for  a  convenient  output  indication  of  receiver  fluctuation 
interference.  Then  apply  power  to  the  signal  generator,  and  adjust  the  output  indi¬ 
cation  1  decibel  above  the  interference  level.  This  will  give  the  output  voltage,  Ej, 
for  the  filter -out condition.  After  inserting  the  filter  for  measurement,  first  retune 
the  receiver  to  resonance,  and  again  adjust  the  output  of  the  signal  generator  for  the 
same  receiver  output  level  as  indicated  on  the  output  meter.  This  output  of  the  sig¬ 
nal  generator  yields  the  value  of  Eg,  and  the  insertion  loss  of  the  filter  at  the  fre¬ 
quency  oi  measurement  wdll  be  given  by  the  expression,  as  previously  nbted^  20  log 
E2/E1, 


The  accuracy  of  measurement  will  be  affected  by  several  factors.  Error  is 
commonly  introduced  by  the  variation  of  impedance  with  frequency  between  the  at¬ 
tenuators  and  filter  under  test.  This  is  probably  due  to  a  slight  mismatch  between  at¬ 
tenuator  impedance  and  line  impedance,  and  an  impedance  variation  will  occur  at 
the  points  where  the  line  connects  to  the  filter  unit,  Ivlaximum  variation  would  occur 
at  the  frequency  for  which  the  electrical  line  length  is  l/4  of  a  wavelength  or  any 
odd  multiple  thereof.  The  attenuator  may  well  have  a  frequency  characteristic  caus¬ 
ing  its  impedance  to  vary  with  frequency,  so  that  the  impedance  variation  at  the 
cable  end  will  combine  the  two  effects.  The  overall  impedance  variation,  up  to  1000 
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megacycles,  can  be  held  to  2G  percent  of  the  low  frequency  value,  allowing  error 
of  1.6)  db.  Up  to  400  megacycles,  these  effects  combine  to  produce  an  error  less 
than  0.2  db. 


(a)  Basic  Test  Circuit 


(b)  Alternate  Test  Circuit 


Fig,  X  Circuit  for  Measuring  Insertion  Loss  of  Filters 

Soip^e  leeikage  from  the  signal  generator,  from  poor  cable,  or  from  connectors 
may  bepickedup  by  direct  radiation  or  by  some  unintentional  coupling  to  the  receiver 
antenna  circuit.  Properly  shielded  and  filtered  instruments  are  the  best  possible 
solution  to  this  problem.  In  the  case  of  undesirable  coupling  occurring  with  a  given 
test  set-up,  receiver  and  signal  generator  must  be  separated  as  far  as  possible.  To 
obtain  good  results,  make  sure  that  all  radio  frequency  connectors  are  tight,  all 
cables  ar,'.  well  shielded,  and  then  operate  at  a  signal  level  and  sensitivity  which 
reduces  any  possible  extraneous  coupling  to  a  minimum. 

Where  mviltiple -filter  circuits  are  to  be  measured,  the  r^i-ocedure  is  to  meas¬ 
ure  one  section  leaving  all  others  open.  Then  measure  the  same  section  short  cir¬ 
cuiting  all  others.  The  short  circuit  connections  shall  be  as  short  and  direct  as 
possible.  The  lesser  of  the  two  measurements  will  be  considered  the  insertion  loss 
of  the  circuit  at  the  test  frequency. 
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METHODS  OF  ZvIEASURING  TraS  EFFECTIVENESS  OF  SHIELDS 

All  practical  shields  consist  of  metallic  walls,  which  may  be  solid  or  may 
consist  of  mesh  or  braid,  separating  two  regions  of  space.  The  effectiveness  of  a 
shield  is  due  to  its  ability  to  isolate  electromagnetic  phenomena  in  one  of  these  two 
regions.  This  effectiveness  depends  not  only  on  the  shield  itself,  i,e,  ,  its  shape, 
miaterial  and  physical  dimensions,  but  also  on  the  type  of  electromagnetic  waves 
used  during  the  measurements,  i,  e,,  their  impedance  (ratio  of  electric  to  magnetic 
field  intensity),  frequency,  and  polarization.  Therefore  there  is  no  absolute  meas¬ 
ure  of  the  effectiveness  of  a  shield.  Measurements  can  determine  only  the  relative 
shielding  effectiveness  under  a  given  set  of  test  conditions. 

No  standard  methods  are  available  for  measuring  the  effectiveness  of  shields 
used  to  enclose  completely  interference-generating  units  such  as  motors,  or  inter¬ 
ference-susceptible  units  such  as  receivers.  Here  effectiveness  must  be  determined 
by  actual  operation.  The  motor  is  run  in  the  way  that  resembles  as  closely  as  pos¬ 
sible  actual  operating  conditions  and  the  region  outside  the  shield  is  explored  with 
suitable  pick-up  devices  at  all  frequencies  of  interest.  The  shielding  is  considered 
effective  if  no  signal  carj  be  detected,  A  receiver  may  be  teste4  similarly  with  a 
strong  interference  source  placed  directly  outside  and  precautions  taken  that  the 
signal  cannot  enter  any  other  way  th3^n  through  the  shield. 

The  testing  of  cables  and  conduit  for  shielding  effectiveness  is  particularly 
important  in  connection  with  the  suppression  of  radio  interference.  Special  stands-rd 
test  methods  have  been  developed,  two  of  which  will  be  described  in  detail  here. 

Briefly,  the  first  method  consists  of  measuring  the  voltage  drop  on  the  outside 
of  the  shield  when  a  specified  current  flows  through  the  conductor  or  conductors  in¬ 
side  the  shield.  This  method  is  based  on  the  fact  that,  in  order  for  electric  and 
magnetic  fields  to  exist  oiitaide  a  region  completely  enclosed  by  the  metallic  shield 
and  containing  no  other  sources-  currents  and  charges  must  be  present  on  the  sur¬ 
face  of  the  shield  on  the  side  facing  that  region.  A  perfect  shield  would  restrict  all 
currents  and  charges  to  its  inside;  hence,  no  fields  could  be  present  in  the  outside 
region.  The  voltage  drop  along  the  outside  of  the  shield,  which  is  a  measure  of  the 
integrated  effect  of  the  currents  anvi  charges  on  the  outside,  is,  therefore,  a  measure 
of  the  effectiveness  of  the  shield.  This  method  is  particularly  suited  for  coaxial 
cables  consisting  of  one  inner  conductor  and  a  concentric  outer  sheath  serving  both 
as  shield  and  as  return  path  for  the  current.  It  is  also  applicable  to  conduit  carrying 
more  than  one  conductor,  but  a  difficulty  arises  because  it  is  not  immediately  clear 
what  is  meant  by  "the  current  inside"  if  there  are  several  conductors  carrying  dif¬ 
ferent  currents,  possibly  in  opposite  directions.  It  is,  however,  the  only  possible 
method  for  conduit  filled  with  a  solid  dielectric,  in  which  the  conductors  are  embed¬ 
ded,  since  the  second  method  requires  the  replacement  of  the  inner  conductors  by 
a  radiating  coil. 

The  second  method  consists  of  measuring  the  field  strength  at  a  point  in  the 
vicinity  of  the  specified  source  both  with  and  without  the  source  being  enclosed  by 
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the  shield  to  be  evaluated.  This  may  be  called  a  "direct"  method  of  measurement 
since  the  ratio  of  the  two  field  strengths  is  a  direct  measure  of  the  attenuation  in¬ 
troduced  by  the  shield.  It  is  a  measure,  however,  only  for  the  particular  type  of 
field  produced  by  the  source,  which  may  be  quite  different  from  the  actual  fields 
encountered  in  practice.  This  method  is  particularly  suited  to  shielding  conduit  with 
more  than  one  inner  conductor  in  which  the  shield  carries  little  or  none  of  the  line 
current.  It  is  not  directly  applicable  to  shields  carrying  the  return  current  because, 
when  the  shield  is  used  as  a  return  path,  removal  of  the  shield  destroys  the  circuit, 
and,  hence,  the  conditions  could  not  be  kept  similar  for  measurements  with  and  with¬ 
out  the  shield.  Also,  this  method  can  obviously  not  be  used  when  the  conduit  is  filled 
with  a  solid  dielectric, 

A  d^l^tailed  description  of  the  two  methods  follows. 

Method  I 


1,  Principle  of  Operation 

This  method  utilizes  the  concept  of  surface  transfer  impedance,  which  is  defined 
as  the  longitudinal  voltage  drop  along  the  outside  of  the  shield  per  ampere  of  current 
carried  by  the  shield.  The  impedances  of  primary  interest  are  small;  hence,  units 
are  given  in  microhms.  Comparative  tests  are  referred  to  a  standard,  A  tube  as 
described  in  Figure  XI-l  is  reG'qmmended,  For  best  results,  the  test  specimen  and 
the  standard  should  have  the  same  size,  Relative  leakage  of  zero  db  indicates  leak¬ 
age  equal  to  that  from  the  standard. 


The  lower  the  transfer  impedance  per  unit  length,  the  better  the  shield.  Thus 
its  reciprocal,  the  transfer  admittance,  would  more  appropriately  represent  a  unit 
expressing  shielding  effectiveness. 


Longitudinal  external  voltage  drops,  Ex  Eg,  across  specimen  and  standard, 
are  compared  with  the  same  currents  and  at  the  same  frequency, 
leakage  is  expressed  in  decibels  and  computed  from  the  equation 


Leakage  of  specimen  relative  to  a  standard 


2“ 


(II 


For  shielding  effectivenesSi?  the  same  equation  is  used  with  the  voltage  ratio  inverted, 

A  calibisf»ted  radif -frequency  TOic.rQYPltr,4e*er  can  be  used  to  find  the  external 
voltage  drop  across  the  specimen.  However,  it  is  preferred  to  evaluate  this  voltage 
by  comparison  with  a  signal  of  equal  intensity  from  a  standard  signal  generator.  By 
means  of  a  switch,  a  suitable  receiving  device  receives  the  signal  from  specimen 
and  generator,  alternately,  and  the  generator  is  adjusted  until  equal  receiver  outputs 
are  obtained. 


To  measure  transfer  impedance  directly,,  it  is  necessary  to  measure  the  cur¬ 
rent  in  the  center  lead.  The  basic  circuit  is  indicated  in  Figure  XI~2,  A  current 
indicating  device,  suchas  a  shielded  radio-frequency  am  iieter,  is  inserted  in  series 
with  the  inner  conductor  of  the  coaxial  line  of  which  the  specimen  forms  the  outer 
conductor.  The  voltage,  read  from  the  signal  generator  setting  in  the  same  way  as 
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Ferrule  &  Nut 
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Instructions 


(a)  Tube  made  of  70-30  Cupro-nickel,  a  non-magnetic  alloy,  which  has 
an  attenuation  of  about  21  percent  and  a  thermal  coefficient  of  at¬ 
tenuation  of  about  1.2  percent  of  that  of  copper. 


(b)  Change  in  attenuation  is  absolutely  negligible  for  ordinary  tempera¬ 
ture  variations. 


(c)  A  tube  of  this  alloy  is  usable  as  a  standard  (to  provide  a  given  amount 
of  attenuation)  at  frequencies  more  than  20  times  as  high  as  ia  a  cop¬ 
per  tube  of  the  same  wall  thickness. 


(d)  Wall  thickness  should  be  made  as  uniformas  possible.  A  0.1 25- inch- 
thick  tube  is  suitable  for  radio  frequencies  up  to  about  1  me;  a  thick¬ 
ness  of  O.OSO  inches  is  satisfactory  from  0.1  to  about  8  me. 

(e)  A  straight  stiff  center  conductor  (preferably  1/16  to  1 /8-inch  diameter 
hard  copper)  is  held  centrally  by  means  of  4  or  5  equally- spaced 
thin  polystyrene  wafers. 

(f)  Connection  from  the  center  conductor  to  the  inside  of  the  tube  is  made 
at  point  "C".  The  sheath  extension  beyond  the  point  of  contact  C 

/  (indicated  by  the  section  CB)  permits  an  equal  current  distribution 
around  the  periphery;  without  this  extension  lack  of  perfectly  sym¬ 
metrical  contact  around  the  entire  circumference  would  result  in  a 
non-  symmetrical  current  distribution. 

(g)  Contacts  for  measuring  leakage  are  applied  across  section  AB  j  about 
20  inches  is  a  convenient  length. 

(h)  A  heavy  copper  sheath  BD  (at  least  l/i6-inch  thick)  is  used  to  reduce 
leakage  from  section  BD  to  a  point  where  it  is  negligible  compared 
with  the  leakage  from  test  section  AB.  The  sheath  fits  snugly  over 
the  cupro-nickel  tube  and  is  sweated  on  with  soft  solder. 


(i)  Section  CD  acts  as  a  cut-off  tube  preventing  leakage  from  the  open 
end  D.  Its  length  should  be  at  least  five  times  the  inside  diameter 
of  the  inner  tube. 

(J)  The  standard  has  a  spherical-faced  brass  ferrule  soldered  to  end  A, 
The  assembly  fits  into  a  conically  beveled  seat  and  is  secured  by 
means  of  the  nut  shown  in  the  figure. 

Fig.  XI- 1  Diagram  and  Instructions  for  a  Tubular  Shielding  Standard 


Open 


XI  -  3 


APPENDIX  XI 


PART  n 


Fig,  XI-2  Basic  Circuit  Used  for  Measuring  Transfer  Impedance 

before,  is  divided  by  the  current  indicated  on  the  ammeter  yielding  the  desired  trans¬ 
fer  impedance, 

2,  Equipment  Required  and  Suggested  Types 

(a)  Oscillator-Amplifier  Signal  Source.  TS  -  606/U  and  TS-608/U,  Rollin 

Models  20  and  30,  or  Care  must  be  exercised  in  maintaining 

a  good  sinusoidal  wareforiPj  especially  at  the  lower  frequencies, 

(b)  RF  Ammeter,  Therir o couple  Type,  Weston,  Model  640  or  equivais;nt, 

(c)  Standard  Signal  Generator^  Measurements  Corporation  Model  5S-b 
equivalent, 

{d)  A  suitable  receiving  device.  Ferris  Meter  pr 

(e)  A  frequency  standard,  used  ;o  maintain  signal  source  and  generator  ;vithin 
close  tolerances,  Milien  Type  90501  or  equivalent. 

This  method  was  used  to  investigate  shielding  effectiveness  for  frequencies  u^j 
to  12  megacycles,  and  the  range  can  probably  be  extended  to  several  hundred  megs  | 
cycles,  ' 

Method  11 

^ •  P^^i^ciple  of  Operation 

The  radio-frequency  output  c  a  signal  generator  is  applied  a cr/jss  the  terminals 
of  a  radiating  coil  located  within  2  c  jmp.etely  shielded  test  cabitiet,  as  indicated  in 
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Figure  XI-3.  The  coil  is  magnetically  coupled  to  a  probe  connected  directly  to  the 
input  of  a  radio  receiver.  The  output  of  the  generator  and  the  gain  of  the  receiver 
are  then  adjusted  to  give  a  lO-milliwatt  reading  onan  output  power  meter  connected 
to  the  receiver  output. 


Fig,  XI-3  Test  Cabinet  Illustrating  Complete  Shielding  of  Conduit  Tester 

A  specimen  of  shield  is  then  inserted  between  the  radiating  coil  and  probe.  The 
signal  generator  only  is  adjusted  to  obtain  the  same  output  as  before. 

The  ratio  of  generator  voltage  required  with  the  shield  for  a  given  output  to 
the  voltage  required  without  the  shield  is  a  measure  of  the  shielding  effectiveness. 


2,  Basic  Test  Set-  Up 

The  equipment  specified  is  suitable  for  measuring  shielding  effectiveness  of 
electromagnetic  field  strength  attenuation  less  than  100  db  in  the  range  0,15  to  50mc, 
and  less  than  45  db  in  the  range  of  50  to  156  me.  These  limits  may  be  extended  by 
using  signal  generators  of  greater  output  or  receivers  of  greater  sensitivity. 

In  this  frequency  range,  a  typical  radiating  coil  consists  of  seven  turns  of  cop¬ 
per  wire  u^ound  ^jn  the  form  of  a  solenoid,  located  within  a  ploystyrene  sheath,  and 
surrounded  by  a  Faraday  shield  as  shown  in  Figure  XI-4,  The  Faraday  shield  insures 
repeatable  measurements  in  the  frequency  range  above  lOOmc, 
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Fig.  XI-4  Detail  of  Pick-Up  Probe  and  Radiating  Coil 
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The  pick-up  probe  consists  of  two  loops  of  copper  tube  shielding,  within  each 
of  which  is  an  insulated  conductor.  The  loops  are  placed  one  on  each  side  of  the 
radiating  coil  in  that  position  which  permits  linking  the  maximum  number  of  flux 
lines  in  the  field  of  the  radiating  coil.  The  loops  are  soldered  into  a  small  copper 
connection  box  at  the  base  as  shown  in  Figure  XI-4,  The  copper  tube  shields  the 
insulated  conductor  against  electrostatic  coupling,  but  in  order  to  permit  unimpaired 
magnetic  coupling  to  the  insulated  conductor,  ihe  shielding  is  split  at  the  top  of  each 
turn  and  the  two  cut  ends  are  separated  by  a  short  air  gap. 

The  pair  of  insulated  conductors  is  continuously  shielded  to  the  rear  wall  of 
the  test  cabinet  where  one  of  them  is  connected  to  the  inner  surface  of  the  tube  that 
contains  it,  which  is  grounded  to  the  wall  of  the  cabinet.  The  other  conductor  is 
connected  to  the  antenna  post  of  the  test  receiver. 


3,  Equipment  Required  and  Suggested  Types 

(a)  Standard  Signal  Generator,  General  Radio  Model  805 -A  or  equivalent, 
(Range,  16  kc  -  50  me;  maximum  voltage  output,  2  volts, ) 

(b)  Standard  Signal  Generator,  General  Radio  Model  804-C  or  equivalent, 
(Range,  50  -  156  me;  maximum  voltage  output,  0,02  volts.  It  is  recom¬ 
mended  that  a  signal  generator  of  greater  calibrated  output  be  used  if 
available. ) 

(c)  Commercially  available  receivers  (range  to  match  signal  generator), 
NC-200  and  S-27  suggested, 

(d;  “utput  Power  Meter,  General  Radio  Type  583 -A  or  equivalent. 


4,  Instructions  for  Test  (See  Figure  XI-5) 

(a)  Place  the  test  cabinet  on  a  grounded  metal  test  bench.  Solder  a  strip  of 
bonding  braid  (as  short  as  possible)  from  each  of  the  four  corners  of  the 
test  cabinet  to  the  metal  test  bench,, 

(b)  Connect  the  output  of  the  signal  generator  to  the  coaxial  cable  connector 
mounted  on  the  cabinet  connection  box, 

(c) '  Connect  a  coaxial  cable  from  the  probe  terminating  connector  on  the  rear 

of  the  test  cabinet  to  the  antenna  post  of  the  receiver.  The  cable  should 
be  bonded  to  the  test  bench  at  18  inch  intervals,  (The  antenna  post  should 
be  shielded  to  prevent  stray  pick-up, )  Connect  the  receiver  ground  post 
(or  chassis)  to  the  metal  test  bench  with  a  short  strip  of  bonding  braid, 

(d/  Connect  the  output  power  meter  to  the  receiver  and  adjust  its  impedance 
to  correspond  with  the  receiver  output  impedance, 

(e)  Connect  the  instruments  to  a  110  volt  AC  regulated  power  source.  Allow 
a  1 /2  hour  warm-up  period. 
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Fig.  XI- 5  Block  Diagram  for  Shielding  Effectiveness  Test 
5.  Test  Procedure 

(a)  With  no  conduit  installed,  but  with  the  cabinet  lid  tightly  closed,  set  the 
signal  generator  to  the  desired  test  frequency.  Increase  the  output  to  en¬ 
able  detection  of  the  signed. 

(b)  Tune  the  radio  receiver  to  the  same  frequency,  observing  the  output  power 
meter  for  maximtun  indication.  (Be  sure  that  the  receiver  is  not  tuned  to 
the  "image”  frequency. ) 

(c)  Reduce  the  signal,  generator  output  to  zero  and  adjust  the  receiver  gain  to 
obtain  not  more  than  two  mw  of  residual  noise. 

(d)  Increase  the  signal  generator  output  until  a  10  mw  reading  is  obtained  on 
the  output  power  meter.  Record  the  signal  generator  output  as  E2. 

(e) :  Install- the  conduit  sample. 

(f)  Tightly  close  the  cabinet  lid. 

(g)  Increase  the  signal  generator  output  until  a  10  mw  reading  is  again  obtained 
on  the  output  power  meter.  Record  the  signal  generator  output  as  Ej. 

(h)  Determine  the  ratio  of  the  two  ^^ignal  generator  output  signeds.  Convert 
the  ratio  into  decibels  using  the  expression  20  logjo  (E1/E2).  This  figure 
represents  the  shielding  effectiveness  of  the  conduit. 
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MEASURING  THE  RADIO- FREQUENCY  IMPEDANCE  OF  BONDS 


Insertion-loss  measurements,  which  indirectly  supply  information  from  which 
the  impedance  may  be  computed,  are  made  in  preference  to  the  direct  measurement 
of  radio  frequency  impedances  because  of  the  many  difficulties  encountered  in  the 
Icitter.  The  insertion-loss  ratio  is  defined  as  the  ratio  of  voltages  existing  across 
a  load  impedance  before  and  after  connecting  the  two-terminal  test  impedance  in 
parallel  with  it.  The  insertion -loss  ratio  of  any  specimen  under  test  is  given  by 
the  expression: 


Insertion  Loss  Ratio 


^s  Zr 

1  - - 

Z(Zs  +  Zr) 


I 

(1) 


The  quantity  Z  represents  the  impedance  of  the  specimen  under  test,  Zg  and  Zr 
represent  the  source  and  load  impedances  respectively,  as  shown  in  Figure  XII-1, 


Fig,  XII-1  Equivalent  Circuits  Used  in 
the  Derivation  of  the  Insertion- Loss  Ratio 


I 


The  derivation  of  this  expression  can  be  obtained  as  follows.  Let  V2  and  Vi 
represent  the  voltage  drops  across  the  load  impedance  with  and  without  the  speci¬ 
men  under  test  connected,  and  E2  and  Ej  represent  the  generator  voltages  in  each 
case.  Then; 


El  Zr 

Vl  = - - 

Zg  +  Zr 


E2  Z  Zr 

V2  =  - 

Z(Zg  +  Zr)  +  Zg  Zr 


Vl  E2  Zg  Zr 

- =  1.  + - 

V2  El  z  (  Z3  Zr) 


(2) 

(%) 

(4) 
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When  E2  =  Ej,  i.  e.,  generator  voltage  constant,  the  insertion  loss  is  as  defined 
above.  It  is  seen  that  the  same  expression  is  obtained  when  the  load  voltage  is  kept 
constant,  i.  e. ,  Vj  =  V2»  and  the  generator  voltage  is  adjusted  accordingly.  This 
second  method  is  used  in  practical  measurements. 


In  test  set-ups  used  for  measuring  insertion  loss,  the  source  and  load  imped- 
amces  are  usually  made  resistive  and  equal  to  one  another  by  means  of  isolation  net¬ 
work  pads.  This  simplifies  the  expression  for  the  insertion-loss  ratio  which  is  now 
given  as  ■ 


Insertion  Doss  Ratio  = 


(5) 


where  R  represents  the  equal  resistive  values.  Furthermore,  the  resistive  values 
are  often  arbitrarily  fixed  at  50  ohms  which  changes  the  expression  to 


Insertion  Doss  Ratio 


(6) 


It  must  be  recognized  that  the  insertion -loss  ratio  as  measured  between  50 
ohm  resistors  w|ll  not  represent  the  actual  insertion  loss  of  the  impedance  under 
test  when  used  between  the  wide  range  of  impedances  encountered  in  practice.  How- 
everi  as  long  as  some  standard  for  source  and  load  impedances  is  accepted  and 
consistently  used,  test  results  are  significant  and  comparison  of  data  is  valid  since 
there  is  a  direct  correlation  between  insertion  loss  and  impedance. 


It  is  often  convenient  to  use  the  insertion  loss,  measured  in  decibels,  rather 
than  the  insertion  loss  ratio. 

R 

Insertion  Doss  =  20  logjQ  1  f  —  (7) 


A  circuit  for  measuring  insertion  loss  is  shown  schematically  in  Figure  XII-2. 


% 


50  ohm 


Fig.  XII-2  Schematic  Diagram  for  Measuring  Insertion  Doss 
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To  make  a  measurement  at  any  frequency  the  bonding  jumper  under  test  is 
removed  from  the  circuit,  a  signal  is  introduced  and  the  receiver  output  is  recorded. 
The  bonding  jumper  is  then  inserted  into  the  circuit,  and  the  signal  genertitor  out¬ 
put  is  raised  until  the  same  receiver  output  is  obtained.  The  ratio  of  the  second 
generator  output  reading  to  the  first  is  the  insertion  loss  ratio. 


Several  precautions  must  be  taken  in  order  to  obtain  accurate  results.  The 
length  of  the  open  line  between  the  extremities  of  the  coaxial  cables  must  be  mini¬ 
mized  to  prevent  the  introduction  of  an  appreciable  value  of  inductance  in  series  with 
the  source  and  load  impedances.  This  is  conveniently  accomplished  by  connecting  the 
extremity  of  each  coaxial  cable  to  a  connector.  Each  of  the  two  connectors  is  equipped 
with  a  stud  no  longer  than  1/4  inch.  These  studs  are  connected  directly  when  a  meas  ¬ 
urement  in  the  absence  of  a  jumper  is  made.  When  a  measurement  is  made  with  a 
bonding  jumper  present,  they  are  firmly  connected  to  the  lug  at  the  extremity  of  the 
jumper  as  shown  in  Figure  XII- 3. 


To  Isolation 
Network  Fad 


Fiber  Form  Mount ing 
Support 
Bond  Strap 


To  Isolation 
Network  Pad 


Connectors 


Fig.  XII-3  Method  of  Connecting  Bonding  Jumper  to  Studs 

The  lug  at  the  jumper’s  other  extremity  is  securely  bolted  to  the  ground  plate, 
A  fixed  orientation  with  respect  to  ground  for  all  test  sampies.  must  be  ensured.  This 
may  he  accomplished  by  securing  the  bonding  jumper  to  a  cylindrical,  fiber  mounting 
form  as  shown  in  Figure  XIl-4. 


Fig.  XII" 4  Method  of  Connecting  Bonding  Jumper  to  Ground 
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Difficulties  due  to  the  impedance  of  the  ground  path  at  high  frequencies  can  be 
avoided  by  mounting  the  signal  generator,  the  isolation  network  pad  on  the  source 
side  of  the  circuit,  and  the  specimen  under  test  on  a  fiber  plate.  This  isolates  the 
source  side  from  the  receiver  side  and  prevents  the  ground-path  impedance  from 
affecting  the  results.  The  return  current  path  is,  of  course,  through  the  outer  con¬ 
ductor  of  the  coaxial  cable.  In  order  to  prevent  a  high  capacity  to  ground,  which 
results  in  a  low  impedance  by-pass,  the  fiber  plate  must  not  be  less  than  l/4  inch 
thick. 
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DESCRIPTIVE  DATA  SHEETS  OF  INTERFERENCE  TEST  SETS 
RADIO  TEST  SET  AN/PRM-1 


FUNCTIONAL  DESCRIPTION: 


A  portalile  radio  interference  and  field  intensity  measuring  equipment  used  for 
radio  interference  surveys  to  determine  the  source  of  radiated  or  conducted  inter¬ 
ference  from  any  source  within  its  frequency  range.  It  may  cilso  be  used  as  a  sen¬ 
sitive  two-terminal  voltmeter  making  both  symmetrical  and  asymmetrical  measure¬ 
ments  with  respect  to  ground  such  as  measuring  conducted  interference  on  power  and 
transmission  lines.  This  set  is  used  for  field  and  depot  operation.  Frequency  meter 
indicator  and  indicating  meter  are  located  on  the  front  pemel  of  the  receiver. 

Measurements  can  be  made  with  the  receiver  in  terms  of  the  peak  value  of  the 
interference  (the  PEAK  function),  in  terms  of  a  weighted  Vcdue  (the  QUASI- PEAK 
function),  or  in  terms  of  the  average  vcdue  (the  FIELD  INTENSITY  function). 

Signal  monitoring  provisions  are  available  from  oscilloscope,  panel  -  mounted 
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FUNCTIONAL  DESCRIPTION:  (Continued) 
headphones,  an.d  external  meter  receptacles. 

RELATIONSHIP  TO  OTHER  EQUIPMENT: 

Similar  to  the  Stoddart  Model  NM-20A. 

ELECTROMECHANICAL  DESCRIPTION: 

Circuit  Information:  A  seven  band  superheterodyne  receiver  is  used  with  provision 
for  attenuation  and  measurement  of  detector  output. 

The  RF  signed  as  picked  up  by  the  antenna  or  probe  is  delivered  to  the  RF  in¬ 
put.  The  RF  signed  is  amplified  in  the  RF  stage  and  mixed  with  the  local,  oscil¬ 
lator  frequency  in  the  mixer  stage  to  produce  an  intermediate  frequency.  The  IF 
signal  is  amplified  in  four  IF  stages  and  demodulated  in  the  detector  stage.  The 
demodulated  signal  is  acted  upon  by  the  meter  detector  weighting  circuits  and 
applied  to  the  VTVM  stage,  thus  actuating  the  meter.  The;  audio  components  are 
subsequently  amplified  and  delivered  to  the  headphone  jacks. 

Power  Supply:  115  volts,  ±10%,  AC,  or  230  volts,  ±10%,  AC,  single  phase,  50  to 
16''0  cps,  25  watts.  9  volts  supplied  by  2  Batteries  JAN-B-31  (4,5  volts)  and  1.6 
volts  supplied  by  2  Batteries  JAN- 68  (1.5  volts).  The  batteries  required  when 
AC  is  not  available  are  90  volts  supplied  by  2  Batteries  JAN-BA-36  (45  volts)  and 
1.5  volts  supplied  by  2  Batteries  JAN-BA-36  (1.5  volts). 

Frequency  Range:  0.15  to  25  megacycles  per  second  in  the  following  seven  bands: 
0,15  to  0.32,  0,32  to  0.75,  0.76  to  1.75,  1.75  te  3,8,  3.8  to  8,  8  to  15,  15  to  25 
megacycles  per  second. 

Intermediate  Frequency  Range:  455  kilocycles  pi^r  second  for  bands  1,  3,  and  4. 

16QQ  kilocycles  per  second  for  bands  2,  5,  6,  and  7. 
Meter  Scale:  0  to  100  microvolts,  0  to  40  db. 

Voltage  Range;  1  microvolt  to  1  volt. 

Field  Intensity  Range:  10  microvolts  per  meter  to  100,000  microvolts  per  meter. 

(For  Antenna  AT-211/PRM-1). 

1000  microvolts  per  meter  to  10  volts  per  meter  (For  An¬ 
tenna  AT-212/PRM-1). 

2  microvolts  per  meter  to  2  volts  per  meter  (For  Antenna 
AT-213/PRM-1). 

Selectivity:  Overall  bandwidth  3  to  5  kilocycles  at  6  db  down. 

Overall  bandwidth  20  to  30  kilocycles  at  60  db  down. 

Audio  Output:  100  milliwatts  or  better. 

Audio  Output  ImpedcUice:  600  ohms. 

Dynamic  Range:  16  db. 

MANUFACTURERS'  OR  CONTRACTORS'  DATA: 

Stoddart  Aircraft  Radio  Company,  6644  Santa  Monica  Boxilevard,  Hollywood  38, 
Ccilifornia,  Contract  No.  NObsr-39262  dated  6/27/47;  Contract  No.  NObsr-43370 
dated  6/9/49. 

TUBE  COMPLEMENT: 

IM-37/PRM-1:  1  JAN-1R5,  4  JAN-1T4,  1  JAN-1U5,  3  JAN-3A5,  4  JAN-3V4. 
PP-472/PRM-1:  1  JAN-2A20,  1  JAN-0A3/VR75. 

(Continued) 
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REFERENCE  DATA  AND  LITERATURE 
Navships  91255  (Instruction  Book). 

SHIPPING  DATA: 


No.  of  Volume 

Boxes  Contents  &  Identification  (Cu.Ft. ) 


1  Radio  Test  Se^t,  8.  0 

_ AN/PRM-1 _ _ 

EQUIPMENT  SUPPLIED; 


Name  and  Case  Stock  (USAF) 

Nomenclature  Mat'l  Numbers  (Navy) 

(Army) 


1  Radio  Inter¬ 
ference  F^ld 
Intensity  Meter 
iM-37/PRM-l 


Transit  Case 
CY-749/PRM-1 


H 


121-1/2 


Over -all 
Dimensions 
(inche's) 


W 


:  I  28  I 


Weight 
Packed 
(Lbs. ) 


approxJ 


Antenna 

AT-211/PRM-1 


1  Antenna 

AT-212/PRM-1 


Antenna 

AT-213/PRM-1 


RF  Probe 
MX-9aQ/PRM-l 


Impediuice 

Matching 

Network 

CU-195/PRM-1 


Impedance 

Matching 

Network 

CU-196/PRM-1 


1  Impedance 
Matching 
Network 
:CU-197/PRM-i 


1  Adapter 
"  UG-104/U 
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EQUIPMENT  SUPPLIED;  (Continued) 


Name  and  Case  Stock  (USAF 

Nomenclature  Mat '1  Numbers  (Navy) 

(Army) 


Adapter 

UG-105/U 


Adapter 

UG-537/U 


Special  Purpose 
Cable  Assembly 
CG-572/U 


Chart  Set 
PT-117/PRM-1 


Headphone 

CW-49509 


Instruction 
Book  Nay- 
ships  91255 


Shoulder  Strap 


Power  Supply 
PP-472A/PRM-1 


Ammeter 
ME -3  3/11 

;  i 


Power  Cable 

Assembly 

CADV-62480 


Special  Purpose 
Cable  Assembly 
CADV-62481 


Special  Purpose 
Cable  Assembly 
CG-371/U 


Cord 

CG-444/U 
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TEST  SET  AN/URM-3 


FUNCTIONAL  DESCRIPTION; 

A  general  purpose,  field,  and  maintenance  equipment  used  for  detecting  and  meas¬ 
uring  the  intensity  of  radiated  and  conducted  radio  interference.  Probes  are  pro¬ 
vided  for  conducting  exploratory  interference  tests  and  matching  and  coupling  net¬ 
works  are  used  to  permit  it  to  be  used  as  a  two-terminal  RF  microvoltmeter . 

RELATIONSHIP  TO  OTHER  EQUIPMENT; 


ELECTROMECHANICAL  DESCRIPTION; 

Circuit  Information;  Consists  basically  of  a  superheterodyne  receiver  and  a  cali¬ 
brated  impulse  noise  generator  generating  plilses  exhibiting  a  stable  and  uniform 
spectrum  throughout  the  range  of  the  receiver,  the  peak  value  of  which  is  adjust¬ 
able  to  known  values.  The  receiver  is  a  six-band  receiver  with  two  tuned  xvx 
stages,  a  mixer,  local  oscillator,  two  IF  stages,  second  detector,  first  audio  and 
output  stages.  The  output  of  the,  impulse  generator  is  injected  into  the  receiver 
antenna  input  circuit  in  such  a  manner  that  interference  measurement  is  independ¬ 


ent  of  antenna  impedance. 

(Continued) 
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ELECTROMECHANICAL  DESCRIPTION:  (Continued) 

Power  Supply:  115  volts,  ±10%,  AC,  single  phase,  60  cycles  per  second;  or  24  volts 
DC;  or  12  volts  DC. 

Frequency  Range;  0.15  to  0.4  and  1.6  to  40  megacycles  per  second  in  six  bands. 
The  ranges  are  0.15  to  0.4,  1.6  to  3.0,  3.0  to  5.8,  5.8  to  11.0,  11.0  to  21.0,  and 
21.0  to  40.0  megacycles  per  second. 

Voltage  Range:  10  microvolts  per  megacycle  to  31,600  microvolts  per  megacycle. 
Radio  Noise  Generator: 

Pulse  Duration:  Approximately  0*01  microsecond. 

Pulse  Repetition  Rate:  10  to  1000  pulses  per  second. 

Pulse  Amplitude;  .  0  to  90  db  above  one  microvolt  per  megacycle  of  bandwidth. 
Spectrum:  Flat  to  40  megacycles  per  second  within  ±3  db. 

MANUFACTURERS'  OR  CONTRACTORS'  DATA; 

Designed  by  the  Signal  Corps  Engineering  Laboratories,  Fort  Monmouth,  New 
Jersey. 

TUBE  COMPLEMENT; 

R-178/URM-3:  1JAN-0B2/VR105,  1  JAN-0A3/VR75,  1  JAN-0C3/VR105,  1  JAN- 
6AC7W,  1  JAN-6H6,  2  JAN-6SA7Y,  1  JAN-6SG7y,  2  JAN-6SK7W,  I  JAN-6SQ7, 
1  JAN-6V6GT. 

TS-496/URM-3;  2  JAN-0A2,  1  JAN-0B3,  1  JAN-6J6,  1  JAN-5696. 

REFERENCE  DATA  AND  LITERATURE: 

Preliminary  Instruction  Manual,  9/1/50,  Signal  Corps  Engineering  Laboratories, 
Port  Monmouth,  New  Jersey. 


SHIPPING  DATA; 


No.  of 
Boxes 

Contents  &  Identification 

Volume 
(Cu.  Ft.  ) 

Over-all 

Dimensions 

(inches) 

Weight 
Packed 
(Lbs.  ) 

H 

W 

D 

EQUI] 

PMENT  SUPPLIED; 

Quant. 

Per 

Eq'pt 

Name  and 
Nomenclature 

Case 

Mat'l 

Stock  (USAF) 

Numbers  (Navy) 
(Army) 

Over -all 
Dimensions 
(inches) 

Weight 

(Lbs.) 

K 

W 

D 

1 

Test  Set 
AN/URM-3 

24-1/2 

12 

14-1/2 

110 

1 

Mast  Base 
AB-15/GR 

' 

: 

1 

Antenna  Bracket 
MT-195/URM-3 

■ 

AN/URM-3 

-  Electronics  Test  Equipment  - 

3  April  1952 

xm  -  6 


PART  II 


APPENDIX  XIII 


EQUIPMENT  SUPPLIED;  (Continued 


Name  and  Case  Stock  (USAF) 

Nomenclature  Mat'l  Numbers  (Navy) 

(Army) 


Cable 

Assembly 

RG-55/U 


Adapter 

UG~273/U 


Headset 

H-16/U 


Probe,  Electric 
Field 

MX-839/URM-3 


1  Mast  Section 
MS- 116 


1  Mast  Section 
MS-117 


1  Mast  Section 
MS-118 


Cord  (DC 
Power) 

CX-1063AJRM-3 


Coupler 

CU-149 


Coupler 

CU-150 


1  Coupler 
CU-153 


3  April  1952 


Over -ail 
Dimensions 
inches 


W  I  D 


Electronics  Test  Equipment 


AN/URM- 
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EQUIPMENT  SUPPLIED;  (Continued) 


Quant. 

Per 

Eq'pt 

Name  and 
Nomenclature 

Case 

Mat'l 

stock  (USAF) 

Numbers  (Navy) 
(Army) 

Over -all 
Dimensions 
(inches) 

Weight 

(Lbs.) 

H 

W 

D 

1 

Coupler 

CU-151 

1 

Coupler 

CU-152 

' 

1 

Adapter 

Connector 

UG-641/U 

■ 

1 

Service 

Patch  Cord 

' 

, 

• 

.  .  v 

/ 

■ 

■ 

' 

• 
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RADIO  TEST  SET  AN/URM-6 

Jf 


f 


¥ 


¥ 


k 

FUNCTIONAL  DESCRIPTIONS 

^  A  field  and  depot  equipment  used  to  measure  the  field  intensity  of  a  given  radio 

^  transmission,  to  measure  the  intensity  of  radiated  or  conducted  radio  interference, 

or  as  a  sensitive  RF  micro  voltmeter  within  its  frequency  range.  Two  tripods  are 
provided  for  mounting  the  large  loop  antenna  and  the  superheterodyne  receiver. 
Mounting  provisions  have  been  made  on  the  receiver  for  either  of  two  rod  antennas 
and  a  small  loop  antenna.  Signal  monitoring  provisions  are  available  from  panel- 
mounted  headphones,  oscilloscope,  recorder,  and  remote  meter  jacks.  Measure¬ 
ments  are  made  using  the  panel-mounted  meter  or  the  remote  meter  and  graphic' 
recordings  are  made  using  the  milliammeter -recorder.  Input  devices  include  rod 
'  antennas,  loop  antennas,  a  line  probe,  and  impedance  matching  networks.  A  cali- 

»  bration  chart  is  furnished  with  the  equipment. 

Measurements  Ccux  be  made  with  the  receiver  in  terms  of  the  peak  value  of  the 
signal  or  interference  (the  PEAK  function),  in  terms  of  the  nuisance  value  (the  QUASl- 
^  PEAK  function),  or  in  terms  of  the  average  value  (the  FIELD  INTENSITY  function). 


V 


0 


RELATIONSHIP  TO  OTHER  EQUIPMENT: 
Similar  to  Stoddart  Model  NM-IOA. 


'  r  • 

(Continued 

AIR  FORCE 

NAVY 

ARMY 

TYPE  CLASS. 

Approved 

Approved 

Approved 

STOCK  NOS. 

PROCUREM'T  IN 

FO. :  — 1 

PROCUREM'T  COG.  :  Navv 

DESIGN  COG.  : 

Navy,  BuShips 

F.I.I.N;  : 

RDB  IDENT.  NO.  :  5.  5  1 

31  March  1952 

-  Electronics 

Test  Equipment  - 

AN/URM-6 
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ELECTROMECHANICAL  DESCRIPTION; 

Circuit  Information;  The  power  input  goes  through  an  isolation  transformer  with 
filters  to  keep  extraneous  power -line  noises  out  of  the  instrument.  Meter  indi¬ 
cations  must  be  modified  by  the  pick-up  factor  of  the  antenna  used.  The  receiver 
is  a  highly  sensitive  low  frequency  radio  receiver  which  contains  internal  means 
for  calibrating  or  standardizing  its  RF  gain,  thus  permitting  direct  readings  in 
indicated  microvolts  or  microvolts  per  meter. 

The  signal  channel  of  the  receiver  resembles  a  conventional  superheterodyne 
receiver  in  its  RF,  IP,  and  AF  portions,  but  differs  in  its  provision  for  attenua¬ 
tion  and  measurement  of  detector  output.  The  RF  signal  is  amplified  in  the  RF 
stage  and  mixed  with  the  local  oscillator  frequency  in  the  mixer  stage  to  produce 
an  intermediate  frequency.  The  IF  signal  is  amplified  in  three  IF  stages  and  de¬ 
modulated  in  the  detector  stage.  The  demodulated  signal  is  acted  upon  by  the 
meter  detector  weighting  circuits  and  applied  to  the  VTVM  stage.  The  audio  com¬ 
ponents  are  subsequently  amplified  and  delivered  to  the  headphone  jacks. 

Attenuator  step  ratio  settings  are  built  in  the  inputs  of  the  RF,  mixer,  and  IF 
stages. 

Power  Supply:  115  volts,  ±10%,  or  230  volts,  ±10%,  AC,  single  phase,  50  to  1600 
cycles  per  second  except  for  Milliammeter-Recorder  which  utilizes  60  cycles 
per  second,  100  watts  at  115  volts,  60  cycles.  3.0  volts  DC,  supplied  by  two 
Battery,  BA-30,  for  the  Observer-Compass,  Mark  1,  Model  O,  A  suitable  bat¬ 
tery  pack  can  be  used  in  place  of  the  separate  power,  supply,  however,  the  Milli- 
-^mmdter -Recorder' tratiisot  be  used. 

Frequency  E-aagc;  14  to  250  kilocycles  per  second. 

Intermediate  Frequency;  12.5  kilocycles  per  second. 

Audio  Output:  100  milliwatts. 

Audio  Impedance:  600  ohms  (headset). 

Attenuator  Setting:  0,  20,  40,  60,  and  80  db. 

Receiver  Meter  Scale;  0-100  microvolts,  0-40  db. 

Voltage  Range;  1  microvolt  to  1  volt. 

Field  Intensity  Range:  1  microvolt  per  meter  to  more  than  1  voltper  meter,  depend¬ 
ing  on  the  antenna  used. 

Effective  Bandwidth;  100  cycles  to  600  cycles  at  6dbdown,  2000  cycles  at  60  dbdown. 

Image  Rejection:  -50  db  or  better  from  signal  level. 

Intermediate  Frequency  Rejection;  60  db  or  better. 

Signad- to -Noise  Ratio:  Unity  or  better, 

Dyneunic  Range;  20  db  at  full  scale. 

Accuracy:  Field  Intensity  Measurements,  ±10%  above  10  microvolts  per  meter. 

MANUFACTURERS'  OR  CONTRACTORS'  DATA; 

Stoddart  Aircraft  Radio  Company,  6644  Santa  Monica  Boulevard,  Hollywood  38, 

California^  Contract  No.  NObsr-39263,  6/27/47, 

TUBE  COMPLEMENT: 

IM-36/URM-6:  1  JAN-6AL5,  1  JAN-6AT6,  6  JAN-6AU6,  1  JAN-6BE6,  3  JAN- 

6C4,  1  JAN^6E5,  1  JAN-6J6,  1  JAN-6X4,  1  JAN-NE2. 

PP-449/URM-6;  1  JAN-5V3GT,  1  JAN-NE32,  2  JAN-0C3/VR-i05. 

REFERENCE  DATA  AND  LITERATURE: 

Navships  91196  (Instruction  Book). _ 

AN/uRM-6  -  Electronics  Test  Equipment  -  31  March  1952 
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SHIPPING  DATA; 


No,  of 
Boxes 

Contents  &  Identification 

V  olume 
(Cu,  Ft. ) 

Di 

Dver-all 

Ltnensions 

inches) 

Weight 
Packed 
(Lbs, ) 

297 

H 

W 

D 

1 

Radio  Test  Set 

AN/URM-6 

26.  2 

25-1/2 

37-1/2 

47-1/2 

EQUIPMENT  SUPPLIED: 


Quant, 

Per 

Eq'pt 

Nam.e  and 
Nomenclature 

Case 

Mat'l 

Stock  (USAF) 

Numbers  (Navy) 
(Army) 

. 

Di 

Over-cill 

imensions 

'inches) 

Weight 
(Lbs . ) 

H 

W 

D 

1 

Radio  Interfer¬ 
ence  Field  In¬ 
tensity  Meter 
IM-36/URM-6 

8 

19-13/1< 

10-3/8 

26 

1 

Transit  Case 
CY-7Q6/UE.M-6 

Ply¬ 

wood 

14-1/2 

10-7/8 

34-1/2 

30 

1 

Power  Supply 
PP-449/URM-6 

7-31/32 

9-29/iZ 

19-3/4 

24.75 

1 

wAntenna 

AT-2Q3/URM-6 

51  Ion 

g 

1 

Antenna 

AT-204/URM-6 

84  long 

1 

Antenna 

AT-2Q5/URM-6 

5  dia. 

1 

Adapter 

UG-537/U 

1 

RF  Cable 

Assembly 

CG-577/URM-6 

1 

Power  Cable  - 
As  sembly 
CADV-62480 

72  long 

1 

Special  Purpose 
Cable  Assembly 
CADV-62481 

120  long 

1 

Chart 

PT-107/URM-6 

■ 

1 

Clipboard 

31  March  1952 _  -•  Electronics  Test  Equipment  ••  AN/URM-6 
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EQUIPMENT  SUPPLIED:  (Continued) 


Name  and  Case  Stock  (USAF) 

Nomenclature  Mat'l  Nunpibers  (Navy) 

(Army) 


Instruction 

Book 

Navships  91196 


Headpjione 

CW~49509 


Accessory ’Case  Ply- 
CY-707/URM-6  wood 


Ob  s  e  r  y  e  r  -  C  pm= 
pass  with  case 
Mark  !,  Model  C 


Amme.ter 

ME-31/U 


Antepna 

AT-207/URM-6 


1  RF  Prol)e 

MX-95i/URM-6 


Impedance 

Matching 

Network 

CU-184/URM-6 


impedance 

Matching 

Network 

CU-185/URM-6 


impedance 

Matching 

Network 

CU-186/URM-6 


Cord 

CG-444/U 


AN/URM-6 


Electronics  Test  Equipment 
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EQUIPMENT  SUPPLIED:  tContinued) 


Name  aad  Case  Stock  fUSAF) 

Nomenclature  Mat'l  Numbers  ^Navy) 

<Army) 


Specif  Purpose 
Cable  Assembly 
CADV-62482 


1  |Case  (Recbrder)|P 
^  CY-788/URM-6  |  w 


Milliammeter« 
Recorder  with 
inking  kit 
RD-59/U 


Ps%'er  C^bls 

Assembly 

CADV-fe2480 


I  Shoulder  Strap 


1  Tripod  Case 
CY«709/URM-6 


2  Tripod 
MT«h74/U 


Loop  Case  P 

GY*710/URM«6  w 


Antenna 

AT^2Q8/urm«6 


ShouMer 

Strap 


Total;  222,0 


31  March  1952 


-  Electronics.  Test  Equipment  - 


AN/URM 


X 
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RADIO  INTERFERENCE  MEASURING  SET,  AN/URM-7 


FUNCTIONAL  DESCRIPTION: 

A  general  purpose,  field  radio  interference  and  field  intensity  meter  designed 
primarily  for.  the  measurement  of  broadband  interference  although  it  incorporates 
facilities  for  CW  interference  and  field  intensity  measurement.  Test  set  incorpo¬ 
rates  an  impulse  generator  used  as  a  noise  reference  standard,  whose  output  is  cali¬ 
brated  in  terms  of  microvolts  per  unit  bandwidth.  The  visual  output  indicator  is  a 
peak  reading  vacuum  tube  voltmeter  with  a  logarithmic  scale  calibrated  in  micro¬ 
volts  and  a  linear  decibel  scale  calibrated  in  terms  of  decibels  above  one  microvolt 
per  megacycle.' Probes  are  provided  for  conducting  exploratory  interference  tests, 
and  coupling  networks  are  used  to  permit  the  Test  Set  to  be  used  as  a  two-terminal 
noise -microvoltmeter . 

RELATIONSHIP  TO  OTHER  EQUIPMENT; 

AN/URM-7  is  similar  to  Empire  Device,  Inc.,  commercial  Model  NF-105. 

ELECTROMECHANICAL  DESCRIPTION: 


Circuit  Information:  The  impulse  generator  output  is  injected  into  the  input  circuit 
of  the  tuner  in  such  a  manner  as  to  permit  measurement  of  open  circuited  antenna 
_ (Continued) 


AIR  FORCE 

NAVY 

■ARMY 

TYPE  CLASS. 

STOCK  NOS. 

iPROCUREM'T  INFO.; 

PROCUREM'T  COG.  :  Army 

DESIGN  COG. 

Army,  CSL 

F.  1. 1.  N.  : 

RDB  IDENT.  NO.  :  5,  6 

27  February  1952  -  Electronics 

Test  Equipment  - 

AN/lIRM-7 

— - - - - - _ ,j 

M 
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ELECTROMECHANICAL  DESCRIPTION;  (Continued) 

terminal  voltage  on  a  per  rhegacycle  basis.  .  The  tuner  utilizes  a  superheterodyne 
circuit.  The  frequency  range  is  covered  by  means  of  two  plug-in  type  RF  heads. 
The  logarithmic  scale  characteristic  of  the  output  indicator  is  achieved  through 
tapered  pole-pieces  in  the  indicating  meter  movement,  which  eliminates  the  ne¬ 
cessity  of  using  automatic  gain  control.  The  dipole  antenna,  used  for  field  inten¬ 
sity  measurement  applications,  can  be  resonated  at  each  test  frequency.  The 
broadband  antenna  is  used  in  suppression  test  applications  where  the  antenna  must 
be  placed  close  to  the  source  of  interference. 

Power  Supply;  115  volts,  ±10%,  AC,  single  phase,  50  to  400  cycles,  100  volt-am¬ 
peres;  or  24  volts,  DC;  Or  12  volts,  DC. 

Frequency  Range;  20  to  20,0  me,  200  to  400  me. 

Intermediate  Frequency  Range;  10.7  me,  30  me. 

Voltage  Range;  12  pv/mc  to  1,200,000  pv/mc  (for  20  to  200  me). 

6  pv/mc  to  5, OOOjOOtt  pv/mc  (for  200  to  400  me). 

Indicating  Meter  Scale:  0.6  to  10  pv. 

•^6  to  +20  db  (10  db  scale  expansion  is  provided  for  scale 
overlap). 

Calibration  Standards: 

(a)  Spot  frequency  sine  wave  generator. 

(b)  Broadband  impulse  noise  generator  (output  externally  available). 

Pulse  duration:  6  x  10"^  microseconds. 

Pulse  Repetition  Rate:  2.5  to  2600  pulses  per  second. 

Pulse  Amplitude:  47  to  97  db  above  one  microvolt  per  megacycle  bamdwidth, 
Spectrum:  Flat  to  1000  me  within  ±l/2  db. 

Accuracy:  ±10%,  voltage. 

MANUFACTURERS'  OR  CONTRACTORS'  DATA: 

Empire  Devices,  IriC. ,  38-25  Bell  Boulevard,  Bayside,  New  York,  Contract  No, 
W36-039-sc-3ai20, 

TUBE  COMPLEMENT; 

8  JAN-6BJ6,  4  JAN-12AT7,  3  JAN-12AU7,  5  JAN-bX4,  1  JAN-0A2,  S  JAN-6AK5, 
1  JAN-6AL5,  1  JAN-6AB4,  1  JAN-6J6,  1  JAN-6F4,  1  JAN-5876,  1  JAN-1N21B 
(Crystal)^  1  JAN- 1N34  (Crystal). 

REFERENCE  DATA  AND  LITERATURE; 


SHIPPING  DATA: 


No,  of 
Boxes 

Contents  &  Identification 

Volume 
(Cu.  Ft.  ) 

D 

Over -all 

imensions 

[inches) 

Weight 
Packed 
(Lbs.  ) 

H 

W 

D 

AN/URM-7 _ -  Electronics  Test  Equipment  -  27  February  1952 
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Jf 


APPENDIX  XIII 
RADIO  TEST  SET  AN/URM-i7 


functional  DESCRIPTION; 

A  field  and  depot  equipment  used  for  intensity  measurements  of  all  type  of  radio¬ 
frequency  energy  in  the  radio  frequency  spectrum.  It  contains  internal  means  for 
calibrating  or  standardizing  its  gain.  Measurements  earn  be  made  with  the  receiver 
in  terms  of  the  peak  value  of  the  interference  (the  PEAK  function),  in  terms  of  a 
weighted  value  (the  QUASI-PEAK  function),  or  in  terms  of  the  average  value  (the 
FIELD  INTENSITY  function).  The  indicating  meter  scale  on  the  panel  is  directly 
calibrated  for  a  two  decade,  approximately  logarithmic  reuige  of  1-100  microvolts, 
and  an  approximately  lineeir  0-40  db  range.  Charts  provided  with  the  equipment  show 
actual  effective  bandwidth  versus  frequency. 


RELATIONSHIP  TO  OTHER  EQUIPMENT: 

Similar  to  Stoddart  Model  NM-50A. 

Equipment  required  but  not  supplied;  One  Headphone,  Navy  type  CW-49509  or 
equivalent;  one  Observer  Compass,  AN  designation  Mark  1,  Model  O, 


ELE  C  TROMECHANIC  AL  DESCRIPTION: 

Circuit  Information;  The  signal  cheinnel  closely  resembles  a  superheterodyne  re¬ 


ceiver  in  its  RF,  IF,  and  AF  portions,  but  differs  from  most  superheterodyne 
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ELECTROMECHANICAL  DESCRIPTION:  (Continued) 

receivers  in  its  provision  for  attenuation  and  measurement  of  detector  output. 

The  RF  signal  as  picked  up  by  the  antenna  or  probe  is  delivered  to  the  RF  In¬ 
put  receptacle  and  passes  through  the  RF  stage^  It  is  then  mixed  with  the  local 
oscillator  frequency  in  the  mixer  stage,  to  produce  the  intermediate  frequency. 
The  IF  signal  is  amplified  in  six  IF  stages  and  demodulated  in  the  detector  stage. 
The  demodulated  signal  is  acted  upon  by  the  meter  detector  weighting  circuits  and 
applied  to  the  VTVM  stage,  thus  actuating  the  meter.  The  audio  components  are 
subsequently  amplified  and  delivered  to  the  headphone  jacks. 

Power  Supply;  115  volts,  ±10%,  AC,  or  230  volts,  ±10%,  AC,  single  phase,  50  to 
1600  cycles  per  second,  ilO  watts  at  il5  volts  or  a  suitable  battery  pack  used  in 
place  of  the  separate  power  supply. 

Frequency  Range:  375  to  1000  megacycles  per  second. 

Intermediate  Frequency:  60  megacycles  per  second. 

Input  impedance:  50  ohms. 

Attenuator  Steps:  60  db  to  140  db. 

Effective  Bandwidth:  Approximately  1.8  megacycles  at  signal  of  1800  megacycles 
to  1.0  megacycles  at  signal  of  370  megacycles. 

Image  Rejection:  40  db  or  better. 

Spurious  Response  Rejection:  40  db  or  better. 

Intermediate  Frequency  Rejection:  Better  than  60  db. 

Voltage  Range:  100  microvolts  to  10  volts. 

Field  Intensity  Range:  100  microvolts  per  meter  to  100  volts  per  meter. 

Signal-to-Noise- -Ratio:  Unity  or  better  based  on  an  equipment  sensitivity  of  10  micro¬ 
volts  as  a  two-terminal  voltmeter. 

Audio  Outputi  100  milliwatts  or  better. 

Audio  Output  impedance:  600  ohms. 

Dynamic  Range:  20  db. 

MANUFACTURERS'  OR  CONTRACTORS'  DATA: 

Stoddart  Aircraft  Radio  Company,  6644  Santa  Monica  Boulevard,  ■  Hollywood^S, 

California,  Contract  No.  NObsr-4243G,  6/30/48. 

TUBE  COMPLEMENT: 

IM-52/URM-17;  2  JAN- 6 AL 5,  1  JAN-6AR5,  7  RMA-6BAG,  2  JAN-6C4,  2  JAN- 

6F4,  1  JAN-9005,  1  JAN-12AU7,  1  JAN-1N21B  (Crystal  Rectifier), 
PP-530/URM-17;  1  JAN-6AS7G,  1  RMA-6BH6,  1  JAN-NE-32. 

REFERENCE  DATA  AND  LITERATURE; 

Navships  91388  (Instruction  Book). 

.  *. 

SHIPPING  DATA: 


4( 

% 


No.  of 
Boxes 

Contents  &  Identification 

Volume 
(Cu.Ft.  ) 

Over -all 
Dimensions 
(inches) 

Weight 
Packed 
(Lbs.  ) 

H 

W 

D 

1 

Radio  Test  Set,  AN/URM-17 

8.  3 

18-1/4 

43-1/2 

19 

170 

AN/tJRM-l? _ -  Electronics  Test  Equipment  - _ ' 2  April  1952 
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* 


♦ 


'm 


4* 


A 


EQUIPMENT  SUPPLIED: 


Quant. 

Per 

Eq'pt 

Name  and 
Nomenclature 

Case 

Mat'l 

Stock  (USAF) 

Numbers  (Navy) 
(Army) 

Over -all 
Dimensions 
(inches) 

Weight 

(Lbs.) 

H 

W 

D 

I 

Radio  inter¬ 
ference  Field 
Intensity  Meter 
IM-52/URM=i? 

9-3/16 

19-13/16 

10-3/8 

30 

1 

Transit  Case 
CY-866/URM-17 

Ply¬ 

wood 

16-1/4 

23-3/4 

10-7/8 

25 

1 

Chart  Set 
PT-2iqAjRM-17 

, 

2 

Instruction 

Book 

Navships 

91388 

' 

1 

Accessory  Case 
CY-865^RM-17 

Ply¬ 

wood 

14-5/8 

15-1/2 

10-1/8 

17 

1 

Power 

Supply 

PP-53QAJRM-17 

7-31/32 

9-29/32 

19-3/4 

16 

1 

Antenna 

AT-25^RM-17 

Brass 

FI  6-A-45 194-79  01 

5-1/2  (collapsed)  16  (extended) 

1 

RF  Probe 
DT-5VtJRM-17 

N16-B87008-4021 

2-31/32  long  9/16  OD 

1 

Impedance 

Matching 

Network 

CU-227AJRM-I7 

N1^IB0826-1073 

2-31/32  long  9/ 16  OD 

1 

Power  Cable 

Assembly 

CADV-62480 

72  long 

1 

Special  Purpose 
Cable  Assembly 
CADV-62481 

N17-C-48703-5521 

120  long 

1 

RF  Cable 
Assembly 
CG-678/U 

N16-C-1 1957-3021 

240  long 

1 

Glow  Lamp 
JAN-NE-32 
(Spare) 

2Z5889-8 

1 

Ballast 

Lamp 

(Spare) 

N16-R-85001-1511 

2  Apri] 

1952  -  Electronics  Test  Equipment  -  AN/URM-17 
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Dueint.  Name  and  Case  Stock  (USwAP) 

Per  Nomenclature  Mat'l  Numbers  (Navy) 
Ea  'ot  (Army) 


Can- 


Over -all 
Dimensions 
^  inches) 


W 


Weight 
(Lbs  .  ) 


1-11/16  long  53/64  OD 


39-3/4  high  6-1/4  dia.  3.  25 


Tripod 
Navy  Type- 
10545 


Wood  37-1/2  long  (collaps*. ’) 

N16-T-802001-107  60  long  (extended) 


36-1/8  long  1  dia. 


Azimuth  Dial 
Assembly 


Azimuth  Dial 
Pointer 


Ahim-  3  long  2-1/4  dia. 

inum  N16-I-21801-1045 


N16-K-701645-401 


3/4  long  2  dia. 


Total:  109.25 


AN/URM-17 


-  Electronics  Test  Equipment  - 


2  April  1952 
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RADIO  NOISE  AND  FIELD  STRENGTH  METER 
FERRIS  MODEL  32-B 


FUNCTIONAL  DESCRIPTION: 

A  portable  field,  depot  interference  and  field  strength  meter  used  for  measure¬ 
ments  of  carrier  voltages  and  fields,  noise  voltages  and  fields,  signal -to-noise  ratio 
voltages  on  lines  and  conductors,  antenna  field  patterns,  filter  characteristics, 
localization  of  noise  sources  and  interference  reduction  means,  amd  all  kinds  vof  radio 
interference  fields, 

The  tuning  dial  is  graduated  in  megacycles,  while  the  output- meter  scale  reads 
directly  in  microvolts  the  value  of  the  voltage  applied  to  the  input. 

RELATIONSHIP  TO  OTHER  EQUIPMENT: 

Similar  to  Model  32-A,  Radio  Noise  and  Field  Strength  Meter,  except  Model  32-B 
has  increased  sensitivity  and  a  five  microvolt  output  meter  scade, 

ELECTROMECHANICAL  DESCRIPTION: 


Circuit  Information:  A  single  RF  stage  feeds  into  a  combination  mixer  and  oscillator 
tube.  Two  IF  stages  precede  the  detector  tube  but  the  AF  stage  is  omitted.  The 
circuits  are  designed  for  compactness  and  simplicity  of  operation. 


(Continued] 

AIR  FORCE 

NAVY 

-ARMY 

TYPE  CLASS, 
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STOCK  NOS. 

Commercial 

PROCUE-EM'T  INFO.  : 

i.PROCUPEM'T  COG,: 

DESIGN  COG. 

Commercial 

F.  1. 1.  N.  ; 

RDB  IDENT.  NO.  :  5.  6 

29  March  1952 
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electromechanical  DESCRIPTION:  (Continued) 

Power  Supply:  Dry  cell  large  battery  pack  {32BP2).  Small  battery  pack,  AC  battery 
pack,  or  receifier  packs  may  be  obtained  on  special  request. 

Frequency  Range:  150  to  350  kc  and  500  to  20,000  kc  in  five  bands. 

Voltage  Range:  0-5,  1000,  100,000  microvolts. 

Field  Intensity  Range:  1  to  200,000  microvolts  (With  standard  Antenna). 

Standard  Time  Constant:  Charge,  10  milliaeconds;  discharge,  600  milliseconds. 
Sensitivity:  0.5  microvolts. 

Calibrating  Source:  Internal  shot  noise  oscillator  (Calibration  curves  are  supplied). 

MANUFACTURERS'  OR  CONTRACTORS'  DATA: 

Designed  and  manufactured  by  Ferris  Instrument  Company,  Boonton,  New  Jersey, 


TUBE  COMPLEMENT; 

4RMA-1D5GP,  1  RMA-1C7G,  1  JAN-1H6G,  1JAN-1H4G,  1  RMA-lGl  (Ballast 
Tube). 


REFERENCE  DATA  AND  LITERATURE; 

Ferris  Radio  Noise  and  Field  Strength  Meter  Model  32-B  (Operating  Instructions), 


SHIP 


ING 


DATA: 


No.  of 
Boxes 

Contents  &  Identification 

i 

V  olume 
(Cu.Ft. ) 

Over-all 

Dimensions 

(inches) 

Weight 
Packed 
(Lbs. ) 

H 

W 

D 

;  ,  1 

Model  32-B 

38 

jr:r\  Jl  I'D  \A  VKt  rv  C  Tt  t>  1 

w  i.  A  iya  ay  A  itS  w  a  j 

ED  T  ,  T  IT 

b  JmJ  a 

n  ♦ 

« 

Quant. 

Per 

Eq'pt 

Name  and 
Nomenclature 

Case 

Mat'l 

Stock  (USAF) 

Numbers  (Navy) 
(Army) 

Over-all 

Dimensions 

(inches) 

Weight 
(Lbs. ) 

H 

W 

D 

1 

Model  32-B 
Including 

Cover 

Commercial 

13-1/4 

7 

14-1/2 

32 

1 

Telescoping 

Rod  Antenna 

41  long 
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NOISE -FIELD  INTENSITY  METER  TS-587A/U 


FUNCTIONAL  DESCRIPTION: 

A  field  and  depot  equipment  used  to  locate  and  measure  RF  interference  and  to 
make  field  strength  measurements.  It  can  be  used  as  a  two  terminal  sehittive  volt¬ 
meter.  A  tripod  is  furnished  for  mounting  the  antennas.  Signal  monitoring  provisions 
are  available  from  the  phone  jacks.  Measurements  can  be  made  with  the  receiver 
in  terms  of  the  peak  value  of  the  interference  (the  PEAK  function),  in  terms  of  a 
weighted  value  (the  QUASI-PEAK  function),  or  in  terms  of  the  average  value  (the 
FIELD  INTENSITY  function).  The  measurements  are  made  using  the  panel-mounted 
meter  or  the  remote  meter  jacks.  The  meter  scale  is  directly  calibrated  in  micro¬ 
volts,  decibels,  and  arbitrary  units  of  "shot  noise".  Arbitrary  units  of  "shot  noise" 
are  used  only  in  the  calibration  procedures  of  the  equipment.  By  use  of  correction 
«iCurve  furnished  Jidlhjhe  equipment,  the  meter  readings  can  be  converted  to  micro¬ 
volts  per  meter.  ' 

RELATIONSHIP  TO  OTHER  EQUIPMENT; 

TS-587A/U  differs  from  TS-587/U  only  in  minor  mechanical  and  electrical  de¬ 
tails  that  do  not  affect  its  operational  chraracteristics  or  servicing. 

Similar  to  the  Stoddart  Model  NMA-5A^ 


TYPE  CLASS. 


STOCK  NOS. 


PROCUREM'T  INFO 


PROCUREM'T  COG. 


AIR  FORCE 

NAVY 

ARMY 

Accepted 

>  Approved 

Accepted 

2  AprH  1952 


DESIGN  COG. 


RDB  IDE  NT.  NO. 


Electronics  Test  Equipment  - 


TS-587A/U 
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relationship  to  other  EQUIPMENT:  (Continued) 

Modification  Kit  MX-910/U,  consisting  of  a  DC  Amplifier  and  Rotary  Converter, 
is  used  with  TS-587A/U  when  suitable  power  is  not  otherwise  available, 

electromechanical  DESCRIPTION: 

Circuit  Information:  It  is  a  high- sensitivity  HF  and  VHF  superheterodyne  radio  re¬ 
ceiver  which  contains  internal  means  for  calibrating  its  VTVM  section.  Four 
decade  steps  of  attenuation  are  inser  ted  between  the  antenna  input  .and  the  RF  head. 
The  output  signal  of  the  attenuator  is  fed  to  the  RF  head,  whei^e  it  is  amplified 
and  mixed  with  the  local  oscillator  frequency,  producing  the  intermediate  fre¬ 
quency.  The  IF  signal  is  amplified  in  four  IF  stages  and  demodulated  in  the  de¬ 
tector  stage.  The  demodulated  signal  is  acted  upon  by  the  meter  detector  weight¬ 
ing  circuits  and  applied  to  the  VTVM  stage,  thus  actuating  the  meter.  The  audio 
components  are  subsequently  amplified  and  delivered  to  the  headphone  jacks. 
Power  Supply:  115  volts,  *10%,  AC,  single  phase,  60  cycles  per  second,  0,96  am¬ 
peres  at  92%  power  factor. 

Frequency  Range;  15  to  400  megacycles  per  second  in  four  bands, 

LF  Head:  15  to  31,  29  to  64,  60  to  125  megacycles  per  second, 

HF  Head:  100  to  400  megacycles  per  second. 

Intermediate  Frequency:  LF  Head:  12  megacycles  per  second, 

HF  Head:  30  nqiegacycles  per  second. 

Voltage  Scale:  0  to  100  microvolts. 

-6  to  40  decibels. 

0  to  8  arbitrary  units  of  shot  noise. 

Input  Voltage  Range:  2  to  100,  000  microvolts.  Balance  resistance  attenuator  with 
steps  of:  XI,  XIO,  X102,  and  XI O^. 

Receiver  Output:  200  milliwatts  maximum. 

Input  hnpedance:  95  ohms,  balance  to  ground. 

Output  Impedance:  300  or  4000  ohms,  for  headphone. 

Sensitivity;  Two-terminal  Voltmeter:  LF  Head:  2^  microvolts. 

HF  Head:  5  microvolts. 

Field  Intensity  Meter;  LF  Head:  20  microvolts  per  meter. 

HF,Head:  5  microvolts  per  meter. 
Bandwidth:  LF  Head:  150  kilocycles  at  6  db  down. 

HF  Head:  210  kilocycles  at  6  db  down. 

MANUFACTURERS'  OR  CONTRACTORS'  DATA: 

Stoddart  Aircraft  Radio  Company,  6644  Santa  Monica  Boulevard,  Hollywood  38, 
California,  Contract  No.  NObsr-30088  dated  6/15/46,  Contract  No.  NObsr-30140 
dated  6/21/40,  Contract  No.  NObsr-30200  dated  6/26/46. 

tube  COMPLEMENT: 

RF-36/U;  2  JAN-6AK5.  2  JAN-6C4. 

RF-37/U:  2  JAN-6J4,  1  JAN-6J6,  1  JAN-9002. 

AM-194/U:  1  JAN-6AL5,  1  JAN-6AQ6,  4  JAN-6BA6. 

AM-195/U:  1  JAN-6AL5,  1  JAN-6AQ6,  4  JAN-6SG7. 

PP-267/U:  1  JAN-0D3/VR-i50,  I  JAN-5Y3GT/G,  1  JAN-6H6,  i  JAN-6J5GT/G, 
1  JAN-6L6GA,  1  JAN-6SJ7,  2  JAN-6V6  or  6V6GT/G. 

(Continued) 
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REFERENCE  DATA  AND  LITERATURE: 
Navships  900,  990  (Instruction  Book). 

SKIPPING  DATA: 


NOi>  of  Volume 

Boxes  Contents  &  Identification  (Cu.  Ft. ) 


1  Noise -Field  Intensity  Meter 
TS-587A/U 


Volume 

Over  -  all 

Weight 

(Cu.  Ft. ) 

Dimensions 

Packed 

(inches) 

(Lbs. ) 

H 

W 

D 

35.3 

36 

47 

36 

330 

E  QUIPMENT  SUPP  LIED: 
Quant.  Name  and 
Per  Nomenclature 
Eq'pt 


Case  Stock  (USAF) 
Mat'l  Numbers  (Navy) 
(Airmy) 


1  iCanvas  Cover 


1  Ra4io  Fre- 
'  qviency  Head 
RF-36/U 


1  Intermediate 
Frequency 
Amplifier 
AM-194/U 


Dipole 

Antenna 

AS-385/U 


Dipole  Mast 
Section  for 
AS-385/U  _ 


Loop 

probe 

ImX-822/U 


Measuring 

Tape 

CADV- 10671 


Instruction  Book 
Navships 
900,  990 


Accessory 

Case 

CY-607/U 


2  April  1952 


Over -all 
Dimensions 
(inches) 

H 

W 

D 

15-3/16 

21-1/2 

29-1/2 
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MODEL  58  UHF  RADIO  NOISE  AND  FIELD  STRENGTH  METER 


FUNCTIONAL  DESCRIPTION; 

A  portable  meter  for  measuring  field  strength  of  carrier  voltages,  for  measur¬ 
ing  ignition  or  diathermy  interference,  for  determining  front-to-back  ratios  of  an¬ 
tennas,  the  effectiveness  of  noise  filters,  etc.  It  may  also  be  used  as  a  sensitive 
volttneter  for  measuring  RF  voltage,  transmission  loss  of  various  four-terminal 
networks,  and  for  determining  the  interference  level  on  power  lines,  battery  leads, 
etc. 

Frequency  of  incoming  signal  and  value  of  received  signal  in  microvolts  are  di¬ 
rectly  indicated. 

Suitable  jacks  are  provided  for  connecting  an  oscillograph,  or  a  recording  milli- 
ammeter  to  the  audio  frequency  output. 

A  ’ '.slide -back"  feature  can  be  incorporated  in  the  instrument,  when  desired,  to 
facilitate  the  measurement  of  peak  noise. 

RELATIONSHIP  TO  OTHER  EQUIPMENT: 

Not  specifically  related  to  other  equipment,  but  is  used  to  test  a  wide  variety  of 
electronic  and  electrical  devices  for  radiated  radio  frequency  noise  level. 

(Continued) 
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electromechanical  DESCRIPTION: 

Circuit  Information:  It  is  a  five  band  superheterodyne  receiver  with  its  gain  stand¬ 
ardized  at  a  fixed  value.  Four  decade  steps  of  attenuation  are  inserted  between 
the  antenna  input  and  the  first  RF  stage.  The  output  of  the  detector  tube  excites 
the  grid  of  an  amplifier  tube  which  is  in  one  arm  of  a  bridge  circuit.  The  indica¬ 
ting  micro  voltmeter  serves  as  a  balance  indicator  across  the  bridge  arm  with 
readings  that  are  semi-logarithmic. 

Power  Supply;  115  volts,  ±10%,  AC,  single  phase,  50  to  60  cycles  per  second,  ap¬ 
proximately  70  watts;  or  6  volts,  DC,  12  amperes.  "  ,, 

Frequency  Range:  15  to  150  megacycles  in  five  bands:  15  mc-24  me,  24  mc-39  nic, 
38  mc-62  me,  60  mc-100  me,  and  98  mc-150  me 

Frequency  Accuracy;  Dials  directly  calibrated  in  megacycles  toanaccuracy  of  ±2%. 

Input  Voltage  Range;  1  to  100,  000  microvolts  in  the  antenna,  I  to  100  microvolts 
on  semi-logarithmic  output  meter,  balanced  resistance  attenuator  with  steps  of; 
XI,  XIO,  X102,  and  XIO^. 

Gain  Standardization:  Internal  "shot”  noise  diode  provides  calibration  standard. 
Special  dial  eliminates  need  for  charts. 

Band  Width;  1  50^ kilocycles  at  6  db  down. 

MANUFACTURERS'  OR  CONTRACTORS'  DATA; 

Designed  and  manufactured  by  Measurements  Corporation,  Boonton,  N.  J. 


TUBE  COMPLEMENT: 

3JAN-7W7,  1JAN-6X5GT,  1  JAN-6J5GT,  1  JAN-6Y6G,  1  JAN-6H6,"1  JAN-6SJ7, 
1  JAN-955,  2  JAN-6AK5,  1  JAN-M74.  1  JAN-991  (Neon). 

REFERENCE  DATA  AND  LITERATURE: 

Measurements  UHF  Radio  Noise  and  Field  Strength  Meter  Model  58  (Operating 
Instructions). 


SHIPPING  DATA; 


No.  of 

Volume 

Over -all 

Weight' 

Boxes 

Contents  &  Identification 

(Cu.  Ft.  ) 

Dimensions 

Packed 

(inches] 

(Lbs. ) 

H 

W 

D 

1 

i 

Model  58  (Domestic  Packed), 

2.9 

14 

22 

53 

(Export  Packed). 

3  7 

17 

22 

■D 

66 

EQUI 


PMENT 


SUPPLIED; 


Quant 

Per 

Eq'pt 

Name  and 

Nomenclature 

Case 

Mat'l 

Stock  (USAF) 

Numbers  (Navy) 
(Army) 

Di 

Dver-all 

Lmensions 

[inches) 

Weight 
(Lbs.  ) 

H 

W 

D 

1 

Model  58 

9 

16 

11 

35 

1 

Loop  Antenna 
AliO 

9  dia. 

0.  3 
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EQUIPMENT  SUPPLIED;  (Continued) 


Quant. 

Per 

Eq'pt 

Name  and 
Nomenclature 

Case 

Mat'l 

Stock  (USAF) 

Numbers  (Navy) 
(Army) 

Over -all 
Dimensions 
(inches) 

Weight 
(Lbs  . ) 

H  1  W  D 

1 

H 

180  long 

1.3 

1 

Power  Cable 
(AC)  A107 

120  long 

0.7 

APPENDIX  XIV 


DETAILS  OF  LAMINATED  BRUSH  DESIGN 

The  use  of  laminated  brushes  for  improving  resistance  commutation  is  ex¬ 
plained  in  Paragraph  3.2.  1.1.2,  The  details  for  constructing  laminated  btushes 
are  given  in  this  appendix. 

Either  a  mixture  of  copper  and  bakelite  or  a  mixture  of  graphite  and  bakelite 
is  satisfactory  for  preparing  brush  stocks  of  different  resistivity.  The  materials 
selected  are  ground  to  powder  consistency,  passed  through  a  297  micron  sieve  to 
assure  particles  of  uniform  size,  and  mixed  in  a  ball  mill  in  various  proportions  to 
obtain  various  degrees  of  resistivity.  Figures  XIV- A  and  B  are  curves  giving  the 
required  mixing  datanecessary  to  predetermine  resistivity  with  respect  to  percentage 
of  mixture.  The  mixture  is  then  placed  in  molds  in  a  hydraxilic  press  and  baked  for 
one  hour  at  a  temperature  of  190  C,  under  a  pressure  of  2500  pounds  per  square 
inch.  Laminations  of  different  thicknesses  are  cut  from  the  brush  stock  zifter  re¬ 
moval  from  the  mold.  The  Ictminations  selected  to  fabricate  a  brush  are  coated  with 
six  mil  leaf  glue  (No..  R612  Minnesota  Mining  and  Manufacturing  Company  is  suit¬ 
able)  and  are  baked  for  one  hour  at  a  temperature  of  180  under  a  pressure  of  500 
pounds  per  square  inch.  To  maintain  fj.  constant  temperature  during  the  baking  proc¬ 
ess,  the  oven  is  covered  with  a  glass  cloth  and  a  variac  is  used  to  control  the  heat 
lamp  employed.  The  brush  thus  formed  is  sanded  to  its  exact  dimensions,  painted 
on  both  sides  with  G.  E.  7031  adhesive,  and  baked  at  a  moderate  temperature  to  dry 
the  adhesive.  Cables  are  now  tamped  into  the  brush  top,  and  to  insure  electrical 
contact  across  one  end  of  the  laminations,  the  brush  top  is  subjected  to  a  copper 
spray. 

The  techniques  described  above  have  been  found  satisfactory  for  constructing 
lamina.ted  brushes.  Previously  it  was  impossible  to  construct  brushes  having  satis¬ 
factory  radio  interference  characteristics  because  of  the  intermingling  of  the  con¬ 
ducting  and  insxilating  materials.  This  was  caused  by  the  formation  of  minute  pockets 
in  the  insulation  between  laminations  which  become  filled  with  the  conducting  dust  of 
the  laminations  due  to  brush  wear.  The  gluing  process  described  above  and  the  use 
of  a  superior  glue  which  can  be, subjected  to  relatively  high  pressures  with  a  minimum 
of  extrusion  overcame  this  difficulty.  Furthermore,  brushes  constructed  as  described 
possess  satisfactory  mechanical  characteristics. 


XIV  -  1 


Resistivity  in  Okm-Inches  hrj  Resistivity  in  Ohrn-Inches 


APPENDIX  XIV 


PART  II 


60  636669727578  81  84  87  90  93 


Thickness  Data 
3"  Cylindrical 
Mold 


%  Base  Mix  in  Mixture  of  Base  Mix  and  Bakelite 
(Base  Mix  =  90%  Copper  +  10%  Bakelite) 


ig,  XIV -A  ,  Mixing  Data  For  Copper  Base  Material 


%  Natural  Graphite 


Fig,  XIV -B  Mixing  Data  For  Graphite  Bakelite 
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CONSTRUCTION  OF  BONDING  JUMPERS  FOR  SHOCKMOUNTED  EQUIPMENT 

An  investigation  into  the  best  type  of  bonding  jumper  for  shockmounted  equip- 
ment  has  led  to  the  development  of  a  new  design,  the  essential  features  of  which  are 
described  in  this  appendix. 

The  requirements  for  a  good  bonding  jumper  are  the  following: 

(a)  Low  direct  current  resistance 

(b)  Low  radio  frequency  impedance  at  all  frequencies  up  to  1000  me 

(c)  Good  mechanical  properties  a.s  follows: 

1,  Ability  to  withstand  ambient  conditions  and  endurance  requirements 

2,  Minimum  height  so  that  the  overall  mounting  height  of  the  shockmount 
is  not  increased 

3,  Absence  of,  or  adequate  guards  against,  all  sharp  edges  for  person¬ 
nel  nrotection 

4,  Minimum  weight 

5,  Minimum  volume 

6,  Minimum  stiffness  so  that  the  vibration- isolation  characteristics  of 
the  shockmount  are  not  adversely  affected. 

Consideration  of  all  these  requirements  has  led  to  the  development  of  the  types  il¬ 
lustrated  in  Figure  XV,  The  mostimpprtant  feature  is  the  employment  of  two  metal¬ 
lic  strips  whose  width  is  large  compared  to  their  thickness. 

These  jumpers  consist  of  three  major  parts;  the  two  bonding  strips,  the  base 
plate,  and  the  spacer  washers.  The  strips  are  displaced  90  in  position  and  connected 
externally  between  the  top  and  bottom  of  the  shockmount.  Four  strips  could  be  used, 
but  the  addition  of  two  more  strips  decreases  the  impedance  by  only  ten  percent  and 
adds  considerably  to  the  damping.  Therefore,  it  is  not  recommended, 

I 

A  possible  alloy  to  be  used  in  the  construction  of  the  strips  is  Ni-Span  "C"  whose 
inherent  properties  are  those  of  high  modulus  of  elasticity-  high  tensile  strength, 
and  a  high  degree  of  hardness. 

To  limit  the  stress  on  the  bonding  strip  its  length  should  be  made  as  great  as 
possible  while  its  thickness  should  be  kept  to  a  minimum.  However,  the  electrical 
requirements  of  the  bonding  connector  limit  the  length  of  the  strips  while  ease  in  man¬ 
ufacture  and  fragility  of  relatively  thin  strips  limit  their  thickness.  For  shockmounts 
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whose  load  capacities  are  one  pound  or  less,  a  thickness  of  0,002  of  an  inch  is  recom- 
mendedj  for  mounts  whose  load  capacities  exceed  one  pound,  a  thickness  of  0,003  of 
an  inch  should  be  used,  A  good  compromise  for  the!  other  dimensions  is  a  length  of 
from  1  to  3  inches  and  a  width  of  from  3/4  inches  to  1  inch. 

The  sharp  edges  of  the  thinleaves  are  safety- shielded  with  glass  fibre  sleeving, 
a  material  that  will  withstand  the  extreme  ambient  conditions  expected,  for  the  pro¬ 
tection  of  personnel.  The  sleeving  is  coated  with  Dow-Corning  No,  801  cement,  and 
partially  cured  in  an  oven  at  approximately  300°  F,  Following  this  the  strip  is  cut 
into  sections  of  desired  length,  slipped  over  the  bonding  leaves,  re-cemented,  and 
cured  completely. 

The  baseplate  to  which  the  bonding  strips  are  welded  is  made  of  cadmium-plated 
SAE  ’  030  sheet  steel.  Where  possible,  the  base  is  designed  for  top  mounting  because 
this  design  does  not  add  appreciably  to  the  overall  mounting  height  of  the  shockmount, 

I 

Both  spacer  washers  are  made  of  cadmium-plated  cold- rolled  steel.  The  thick¬ 
ness  of  the  upper  spacer  washer  is  sufficient  to  prevent  contact  between  the  bonding 
leaves  and  the  plate  which  is  to  be  shockmountsd.  Because  of  the  possibility  of  ex¬ 
cessive  vibration  the  bottom  spacer  washer  is  made  sufficiently  large  to  function  as 
a  snubber, 

Tortional  stresses  resulting  from  sideway  motion  of  the  top  of  the  mount  with 
respect  to  the  base  will  be  lessened  by  connecting  the  tops  of  the  bonding  leaves  to 
the  spacer  washers  by  a  loosely  stacked  joint.  This  joint  lowers  the  calculated 
stresses  (developed  on  the  basis  of  a  doubly  clamped  beam),  and  furthermore  allows 
the  rotation  of  the  leaves  plus  slight  lateral  movements. 


j  .  ■ 

li 
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The  pin  type  joint  at  the  top  of  the  mountj,  designed  with  as  thin  sections  as 
practical  to  reduce  overall  height,  also  reduces  tortional  stresses  in  the  leaves. 
This  joint  is  So  designed  that  a  positive  electrical  contact  is  assured,  yet  allows 
rotational  movement  without  binding. 

The  direct  current  resistance  of  the  types  shown  varied  from  0,012  to  0,059 
ohms  depending  upon  the  length  of  the  jumper,  and  was  not  seriously  affected  by  the 
mutual  movements  of  the  strips  at  the  top  of  the  shockmount.  The  impedance,  meas¬ 
ured  at  lOOf'  megacycles,  varied  from  13,5  to  14,8  ohms  and  decreased  with  the 
compression  of  the  mount.  The  resonant  frequency  of  all  these  jumpers  was  in  the 
vicinity  of  3500  me  sc  that  operatipn  below  1000  me  is  considered  satisfactory. 
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THEORY  OF  SHIELDING 

An  exact  -solution  to  any  shielding  problem  can  be  obtained  only  by  solving  a 
scK:alled  boundary-value  problem.  This  means  that  a  solution  to  Maxwell's  eqiiations, 
which  govern  the  behavior  of  oLll  electromagnetic  fields,  must  be  found  which  satis¬ 
fies  the  boundary  conditions  imposed  by  the  metallic  surfaces  both  of  the  source  of 
the  electromagnetic  field  and  of  the  conductors  used  as  shields.  Boundary  -  value 
problems  belong  to  the  most  difficult  problems  of  electrical  engineering,  eind  usually 
an  effort  is  made  to  find  an  approximate  solution  to  a  practical  shielding  problem 
by  other  means.  A  very  fruitful  approach  is  that  of  treating  the  problem  as  a  bound¬ 
ary-value  problem  only  for  the  conductors  used  as  shields  and  making  some  kind  of 
reasonable  assumption  about  the  field  distribution  on  the  source-side  of  the  shield. 
Th_n  the  boundary  conditions  at  the  source  are  not  necessarily  satisfied,  and  in  par¬ 
ticular  the  reaction  of  the  shield  on  the  source  is  neglected,  i.  e. ,  it  is  assumed  that 
the  source  is  not  affected  by  any  wave  reflected  from  the  shield.  This  omission  is 
partially  compensated  by  treating  a  variety  of  different  sources  since  a  source  that 
is  modified  by  the  presence  of  a  reflected  wave  may  behave  simply  like  some  other 
kind  of  source,  j 

t 

The  shielding  problem  encountered  in  practice  may  usually  be  formulated  in 
the  following  ways  Given  a  source  of  electromagnetic  disturbances,  usually  in  the 
form  of  one  or  several  conductors  carrying  alternating  electric  currents,  and  a  point 
in  space,  find  the  reduction  in  the  electric  and  magnetic  field  intensities  at  the  given 
point  which  is  brought  about  by  the  interposition  of  one  or  several  metallic  sheets  of 
specified  shape  and  material  between  the  source  and  the  given  point.  The  problem 
may  be  simplified  immediately  according  to  the  statement  above  by  replacing  the 
source  by  a  specified  field  configuration,  such  as  would  be  produced,  for  example, 
by  an  idealized  point  or  line  source. 

Even  after  this  first  simplification,  the  general  problem  is  still  much  too  com¬ 
plicated  to  allow  a  simple  solution.  If  the  shape  of  the  shield  is  at  all  irregular,  the 
analytical  approachbecomes  all  but  hopeless.  Only  the  three  simplest  regular  shapes 
will  -be  treated  here,  and  in  each  case  it  will  be  assumed  that  the  fields  exhibit  the 
same  kinds  of  symmetries  as  the  shields  themselves.  The  cases  to  be  treated  are 
(1)  that  of  a  plane  shield  of  infinite  extent  in  the  presence  of  plcine  waves,  (2)  that  of 
a  shield  in  the  form  of  a  circular  cylinder  in  the  presence  of  cylindrical  waves  con¬ 
centric  with  the  shield,  and  (3)  that  of  asphericeil  shield  in  the  presence  of  spherical 
waves  concentric  with  the  shield.  While  none  of  these  three  cases  is  exactly  dupli¬ 
cated  in  practice,  almost  every  practical  case  can  be  closely  approximated  by  one 
or  a  combination  of  several  of  these.  Therefore,  the  results  that  will  be  obtained 
here  are  of  considerable  practical  importance  despite  their  restrictions. 

In  any  shielding  problem,  a  valvxabie  aid  is  offered  by  the  aneilogy  between  the 
propagation  of  electromagnetic  waves  through  a  medium  and  the  transmission  of 
electrical  energy  through  a  transmission  line.  This  analogy  has  been  extensively 
exploited  in  the  literature,  and  it  is  especially  valuable  to  the  engineer  who  is  much 
more  familiar  with  transmission-line  theory  than  v/ith  propagation  phenomena.  It 
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IS  found  that  such  familiar  concepts  as  characteristic  impedance,  propagation  con¬ 
stant,  reflection  and  transmission  factors,  attenuation,  and  phase  shift,  all  have 
their  counterparts  in  the  propagation  of  electromagnetic  waves.  Some  of  these  re¬ 
quire  re-definition  with  a  slight  change  in  meaning,  but  once  the  new  definitions  have 
been  introduced  properly,  all  the  laws  of  transmission  -  line  theory  cam  be  applied 
directly.  For  example,  just  as  the  characteristic  impedance  of  a  transmission-line 
is  defined  as  the  ratio  of  voltage  to  current  along  a  line  on  which  no  reflected  wave 
is  present  (i.  e. ,  along  a  line  that  is  either  infinitely  long  or  terminated  in  its  char¬ 
acteristic  impedance),  so  the  "intrinsic  impedance"  of  a  medium  is  defined  as  the 
ratio  of  electric  to  magnetic  field  intensity  in  a  medium  in  which  no  reflected  wave 
is  present.  In  general,  the  analogy  requires  that  the  electric  field  intensity  in  the 
medium  be  substituted  for  the  voltage  along  the  transmission  line,  and  that  the  mag¬ 
netic  field  intensity  be  substituted  for  the  current.  It  shoiild  be  noted  that  the  units 
for  electric  field  intensity  are  volts  per  meter  or  volts  per  inch  and  those  for  mag¬ 
netic  field  intensity  are  amperes  per  meter  or  amperes  per  inch,  so  that  their  ratio, 
the  intrinsic  impedance-  is  measured  in  ohms  just  as  is  the  characteristic  impedance 
of  a  transmission  line.  The  units  of  length  drop  out  when  the  ratio  is  taken. 

There  is  one  complication  in  the  extension  of  transmission  -  line  concepts  to 
the  propagation  of  electromagnetic  waves:  The  impedance  is  a  function  not  only  of 
the  properties  of  the  meditmi,  but  also  of  the  type  of  wave  that  is  being  considered. 
It  is  true  that  the  same  complication  arises  also  in  transmission-line  theory  at  high 
frequencies  whenmodes  of  transmission  other  than  the  fundamental  may  be  present,” 
Then  the  impedances  associated  with  the  various  modes  will,  in  general,  be  different. 
But  the  presence  of  higher  modes  in  transmission  lines  is  a  comparatively  rare 
phenomenon  in  practice,  and  usually  the  term  "transmission-line  theory"  refers  to 
the  behavior  of  the  fundamenteil  mode  only.  In  the  propagation  of  electromagnetic 
waves,  on  the  other  hand,  it  must  be  remembered  that,  at  all  frequencies,  the  im¬ 
pedance  is  a  function  not  only  of  the  mode,  when  several  different  modes  exist,  but 
also  of  the  type  of  wave,  i.  e, ,  the  impedance  is  different  for  plane,  cylindrical,  cuid 
spherical  waves. 


1,  PI  cine  Waves 

It  is  assiuned  that  the  field  intensities  are  functions  of  one  space  coordinate 
only.  The  electric  field  intensity  is  assumed  to  have  aii  x-component  only  and  the 
magnetic  field  intensity  to  have  only  a  z-component.  The  variation  then  takes  place 
along  the  y-aixis,  which  is  also  the  direction  of  propagation.  With  these  assumptions 
Maxwell's  equations  reduce  to  the  following  form: 


a  Ex  _  a  Hz 
ay  “  ^  a  t 


(1) 


8  Ha 
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where  Ex  and  H^  are  the  electric  and  magnetic  field  intensities,  respectively,  |i  is. 
the  permeability  of  the  medium,  6'  its  conductivity,  and  £  its  permittivity,  x,  y,  eind 
z  are  rectangular  coordinates  forming  a  right-handed  system,  and  t  is  the  time. 
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Assuming  sinusoidal  time  variations  of,  all  field  intensities  at  the  angular  fre¬ 
quency  =  Z'Ti'f,  where  f  is  the  frequency,  the  solution  to  Equations  (l)  and  (2)  may 
be  written  in  the  following  form; 

E  =  Ej  e^^  +  E2  e"^^  (3) 


H  =  -~e 

Z.O 


■0 

¥' 


■$ 
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where  E  =  Ex  H  =  Hz  =  -1,  Ej  and  E2  are  arbitrary  constants  which 

must  be  determined  from  the  boundary  conditions,  and  y  and  Z©  are  defined  as  follows: 

y  =  propagation  constant  of  the  medium  =  +  j  w&  )  (5) 

Z©.  =  intrinsic  impedance  of  the  medium  = 

Both  y  and  Z©  are  complex  quantities,  in  general,  so  that  one  can  write: 

r  =  «  +  jY?  (7) 

Zo  =  R©  +  jXo  (8) 

where  is  called  the  attenuation  constant  and  0  the  phase  constant  of  the  medium, 
said  R©  and  X©  are  the  resistive  and  reactive  parts,  respectively,  of  the  intrinsic 
impedance, 

■•7 

For  free  space  or  air,  =  0,  p.  =  41f  x  10”  henries  per  meter,  and  *  =  8,85 
X  10"^^  farads  per  meter.  With  these  values  substituted,  the  intrinsic  impedzaice 
of  free  space  or  air  is  376,6  ohms  and  its  propagation  constant  is  ja/c  =  Zif/x  > 
where  c  =  3x10®  meters  per  second  is  the  velocity  of  light  in  free  space  and  A  is 
the  wave  length. 

For  all  metals,  the  conductivity,  ,  is  much  larger  than  the  product  we  at 
all  frequencies  now  used  or  likely  to  be  used  for  radio  communication  purposes. 
Therefore,  the  term  joe  may  be  neglected  and  one  obtains  for  metals 

(9) 
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It  is  seen  that  the  intrinsic  impedance  of  metals  is  extremely  small  in  comparison 
with  that  of  air  and  most  other  dielectric  media.  On  the  other  hand,  both  the  real 
and  the  imaginary  parts  of  the  propagation  constant  are  very  large  in  comparison 
with  those  of  dielectrics,  which  indicates  a  large  attenuation  and  a  small  wave  length 
in  metals. 

In  order  to  apply  these  results  to  shielding  problems,  the  behavior  of  the  wave 
at  the  boundary  between  two  media  must  be  investigated,  Liet  it  be  assumed  that  a 
plane  wave  is  propagated  in  air  and  impinges  on  a  plane  metal  surface.  For  sim¬ 
plicity,  choose  a  set  of  rectangular  coordinates  so  that  the  boundary  surface  coincides 
with  the  plane  y  =  0,  Let  the  region  y  >  0  be  air  and  the  region  y  <  0  be  the  metal. 
Let  the  incident  wave  be  propagated  in  the  direction  of  decreasing  y,  as  shown  in 
Figure  XVI- 1.  The  prdblem  is  to  find  a  set  of  solutions  of  the  type  given  by  Equations 
(3)  and  (4)  which  satisfy  the  boundary  conditions,  viz,  the  conditions  that  both  E  and 
H  must  be  continiious  everywhere,  including  the  surface  y  =  0,  The  transmission¬ 
line  analogy  of  this  situation  is  shown  in  Figure  XVI- 2:  Two  semi- infinite  lines  of 
different  characteristic  impedances  are  joined  so  that  each  line  is  terminated  at  one 
end  in  the  characteristic  impedance  of  the  other. 


Fig.  XVI- 1  Plane  Wave  Striking  Plane  Boundary  Surface  Between  Air  and  Metal 
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The  problem  is  solved  by  postulating  the  existence  of  a  transmitted  wave  in 
the  metal  and  a  reflected  wave  in  air  traveling  in  the  direction  of  increasing  y,  in 
addition  to  the  incident  wave.  One  must  write: 
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ir 


H, 


metal 


ll 

Z  . 
air 


metal 


Here  Ej  and  E  j/  Z 


air 
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(13) 
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1  of  the  incident  wave. 

E2  Sind  ^  ^"^air 
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mitted  wave,  Ej,  and  Ej  arc  three  constants,  two  of  which  may  be  evaluated 

from  the  conditions  that,  at  y  =  0,  Eajr  must  equal  and  naust  equal 

Hjj^etal,  third,  which  is  best  taken  as  the  amplitude  of  the  incident  wave,  re¬ 
maps  arbitrary,  of  course.  The  ratio  of  the  amplitude  of  the  electric  field  intensity 
of  the  reflected  wave  to  that  of  the  incident  wave  is  called  the  reflection  factor,  F_, 
and  the  ratio  of  the  electric  field  intensity  of  the  transmitted  wave  to  that  of  the  in~ 


cident  wave  is  called  the  transmission  factor, 
stated,  one  obtains  after  a  short  computation 


Using  the  boundary  conditions 
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These  expressions  are  identical  with  the  defining  equations  for  the  reflection  and 
transmission  factors  of  a  transmission  line. 

The  quantity  of  interest  here  is  20  log  F^,  which  gives,  in  decibels,  the  atten¬ 
uation  experienced  by  the  electric  field  intensity  in  entering  the  metal.  It  represents 
a  reflection  loss,  due  to  the  fact  that  the  incident  wave  is  only  partially  transmitted, 
the  rest  being  reflected.  It  must  be  distinguished  from  the  absorption  loss  within  the 
metal,  which  will  be  discussed  below. 
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A  wave,  in  passing  through  an  actual  shield,  experiences  reflections  at  two 
boundary  surfaces:  Once  when  it  enters  the  shield,  and  again  when  it  leaves  the 
shield.  The  transnnission  factor  for  the  second  surface  may  be  obtained  from  Equa¬ 
tion  (18)  by  replacing  ^air  vice  versa.  The  reflection  loss  in  this 

case  is  not  equal  to  20  log  because  the  first  medium  does  not  extend  to  infinity. 
There  will  exist  multiple  reflections  between  the  two  surfaces  of  the  shield,  which 
will  affect  the  transmission  loss  at  the  second  surface.  However,  as  will  be  seen 
presently,  the  absorption  loss  in  the  metal  is  so  large  that,  for  all  practical  shields, 
the  effect  of  multiple  reflections  may  be  neglected. 

The  reflection  factor  vras  defined  above  as  the  ratio  of  the  amplitudes  of  the 
electric  field  intensities,  A  similar  factor  might  be  defined  as  the  x*atio  of  the  am¬ 
plitudes  of  the  magnetic  field  intensities,  A  simple  calculation  shows  that  the  re¬ 
flection  loss  for  the  magnetic,  field  at  the  first  surface  is  just  equal  to  the  reflection 
loss  for  the  electric  field  at  the  second  surface  (neglecting  multiple  reflections), 
and  vice  versa.  Thus,  while  the  attenuation  experienced  by  the  magnetic  field  at 
any  one  surface  is  quite  different  from  that  experienced  by  the  electric  field  ( much 
smaller  at  the  first  and  much  larger  at  the  second  surface),  the  combined  effect  of 
the  two  surfaces  is  the  same  for  both  fields,  as  it  must  be  in  accordance  with  the 
assumption  that  the  character  of  the  wave  does  not  change  in  passing  through  the 
shield  and,  therefore,  that  the  impedances  on  both  sides  of  the  shield  are  equal. 

As  was  shown  before,  in  all  practical  cases  is  much  smaller  than  j. 

and  may  be  neglected  in  the  denominator  of  Equation  (18),  Using  this  approximation 
for  both  surface 8,  one  obtains  for  the  combined  reflection  loss  in  decibels  for  either 
the  electric  or  the  magnetic  field: 


Total  reflection  loss  - 


20iog(z^.^/az^^^^j) 


20  log  (Z  .  /2  Z.  .  ) 
*  air  air 


20  log(Z^.^/4Z^^,^l 


(19) 


Here  the  ratio  is  inverted  as  compared  to  Equation  (18)  so  that  the  reflection  loss  is 
positive  when  the  wave'  is  attenuated. 

In  addition  to  the  reflection  loss,  there  is  an  absorption  loss  within  the  metal. 
Equations  (14)  and  (16)  show  that  both  the  exectricand  the  magnetic  fields  within  the 
metal  contain  the  propagation  factor  exp  -  (®3cp«^  y)(exp  j/»y).  The  second  of  these 
factors  is  a  phase  factor  that  does  not  affect  the  amplitude  of  the  fields.  The  first 
factor  shows  that  the  amplitudes  decrease  exponentially  within  the  metal.  If  the 
thickness  of  the  shield  is  S,  the  amplitudes  at  the  second  surface  are  smaller  than 
those  at  the  first  surface  within  the  metal  by  a  factor  exp  (-*tS),  The  negative  sign 
arises  because  within  the  metal  y  is  negative.  Hence,  the  absorption  loss  is 

Absorption  loss  metal®  (20) 

Equations  (19)  and  (20)  may  be  combined.  After  substitviting  numerical  values 
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from  Equations  (10)  and  (11)  and  converting  to  practical  units,  one  obtains  for  the 
total  loss  in  decibels: 


Total  loss  =  3,34 


108.  2  +  10  log  |Xj. ) 


where  f^^^  is  the  frequency  in  megacycles  per  second,  the  relative  magnetic  per¬ 
meability  of  the  shielding  material  (Pj.  =  1  for  all  non-magnefeic  materials),  d  j.  the 
relative  conductivity  of  the  shielding  material  =  1  for  copper),  and  S  the  thick¬ 
ness  of  the  shield  in  mils.  For  example,  the  total  loss  experienced  by  a  plane  wave 
in  passing  through  a  plane  copper  sheet  5  mils  thick  at  1  me  would  be  124,9  decibels. 
In  Figure  XVI-3,  the  absorption  loss,  the  reflection  loss,  and  the  total  loss  are  plot¬ 
ted  as  functions  of  frequency  for  a  plane  copper  sheet  5  mils  thick.  It  is  seen  that  at 
low  frequencies  the  reflection  loss  is  by  far  the  larger,  but  at  Jhigh  frequencies  the 
^  absorption  loss  becomes  the  larger.  For  a  copper  sheet  5  mils  thick,  the  two  losses 

are  equal  at  about  30  me,  but  for  a  thicker  sheet,  that  point  would  occur  at  a  lower 
frequency.  The  total  loss  has  a  minimum  at  about  0,3  me,  and  the  minimum  loss 
is  about  122  decibels. 

Decreasing  the  conductivity  decreases  both  the  reflection  and  the  absorption 
losses,  so  that  the  shielding  material  should  always  have  as  high  a  conductivity  as 
possible.  Increasing  the  relative  permeability,  i, e,,  using  magnetic  materials, 
increases  the  absorption  loss  but  decreases  the  reflection  loss.  To  obtain  some  idea 
*  of  the  effects  of  using  magnetic  materials  for  shielding  purposes.  Figure  XVI -4 

shows  the  absorption  loss,  the  reflection  loss,  and  the  total  loss  plotted  as  a  function 
Of  frequency  for  a  material  having  a  constant  relative  permeability  of  1000,  Since 
all  known  magnetic  materials  have  conductivities  considerably  lower  than  copper, 
the  relative  conductivity  was  given  a  representative  value  of  0,1,  It  is  seen  that  the 
total  loss  now  reaches  its  minimum  at  about  3  kc,  and  the  minimum  loss  itself  is 
about  103  db.  Thus  it  appears  that,  for  the  example  chosen,  the  magnetic  material 
is  preferable  at  the  higher  frequencies,  but  poorer  at  the  lower  frequencies.  It  must 
be  remembered,  however,  that  the  material  in  the  example  chosen  is  quite  thin 
(5  mils  thick).  For  a  thicker  sample,  the  reflection  losr  remains  the  same,  but  the 
absorption  loss  is  increased  proportionally.  Since  the  magnetic  material  has  the 
^  higher  absorption  loss,  it  follows  that,  the  thicker  the  shield,  the  more  advantageous 

k  does  the  use  of  magnetic  materials  become. 

Another  fact  to  remember  is  that  the  permeability  of  ail  magnetic  materials 
,  decreases  with  frequency.  For  a  typical  sample  having  a  permeability  of  1000  at 

frequencies  up  to  10  me,  the  permeability  might  decrease  to  100  at  100  me,  to  10 
at  1000  me,  and  down  to  unity  at  10,  OOOmc,  Thus,  the  extremely  high  losses  at  the 
high  frequencies  shown  in  Figure  XVI-4  cannot  be  realized  in  practice,  but  they  also 
are  not  usually  required, 

iP  ' 

Equation  (21)  was  derived  on  the  basis  of  a  plane  wave  striking  a  plane  surface 

normally.  If  the  direction  of  propagation  of  the  wave  makes  an  angle  with  the  normal 
^  to  the  surface  other  than  zero  degrees,  the  situation  is  more  complicated.  It  is  then 

^  necessai^y  to  treat  two  cases  separately:  that  of  the  electric  field  intensity  being 

parallel  to  the  surface,  and  that  of  the  magnetic  field  intensity  being  parallel  to  the 
surface.  In  the  first  case  one  speaks  of  a  transverse  electric  wave;  in  the  second 
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case  of  a  transverse  magnetic  wave.  In  the  case  of  normal  incidence  the  two  cases 
merge  into  one.  The  analysis  is  simplified  by  the  fact  that,  no  matter  at  what  an¬ 
gel  a  plane  wave  strikes  a  plane  metal  surface,  the  refracted  wave,  which  is  trans¬ 
mitted  into  the  metal,  always  travels  in  the  direction  normal  to  the  surface.  There¬ 
fore,  the  absorption  loss  within  the  metal  and  the  reflection  loss  at  the  second  sur¬ 
face  are  independent  of  the  angle  of  incidence.  The  detailed  analysis  is  not  carried 
out  here,  but  it  can  be  shown  that  the  reflection  loss  at  the  first  surface  for  oblique 
incidence  is  never  less  than  for  normal  incidence,  so  that  Equation  {21)  gives  a  total 
loss  which  is  at  worst  too  low. 

Finally,  it  must  be  pointed  out  that  Equation  (21)  is  not  valid  in  practical  cases 
for  either  very  small  values  of  S  or  very  small  values  of  f.  This  is  evident  from  the 
fact  that,  if  one  sets  S  =  0,  Equation  (21)  still  indicates  a  reflection  loss.  Actually, 
S  5=  0  means  that  there  is  no  shield,  and,  therefore,  there  can  be  no  loss.  Also, 
setting  f  =  0,  one  finds  an  infinite  reflection  loss,  while  it  is  known  that  shields  are 
very  ineffective  for  static  magnetic  fields.  The  reasons  for  these  discrepancies  are 
not  immediately  obvious. 

Since  multiple  reflections  within  the  shield  were  neglected  in  the  derivation  of 
Equation  (21),  one  might  think  that  this  omission  causes  the  equation  to  cease  being 
valid  for  small  values  of  S.  This,  however,  is  not  the  case.  Analysis  shows  that 
Equation  (21)  is  theoretically  correct,  even  when  multiple  reflections  are  considered, 
for  values  of  S  down  to  the  order  of  10"®  mils.  This  is  a  distance  of  the  order  of 
magnitude  of  an  atomic  diameter.  Hence,  Equation  (21)  is  theoretically  valid  even 
for  a  shield  consisting  of  a  monatomic  or  monomolecular  layer  of  metal.  Yet,  it  is 
known  that  very  thin  shields,  such  as  coatings  of  metallic  paints,  are  sometimes  very 
ineffective.  The  fallacy  lies  in  the  fact  that  Maxwell's  equations  themselves,  with 
their  macroscopic  concepts  of  conductivity,  permeability,  and  dielectric  constant, 
cease  to  be  valid  in  the  'realm  of  atomic  or  molecular  phenomena.  In  other  words. 
Equation  (21)  is  valid  only  as  long  as  one  deals  with  shields  that  are  thick  enough  to 
allow  the  application  of  concepts,  such  as  conductivity,  that  require  the  presence  of 
a  very  large  number  of  atoms  or  molecules.  While  no  definite  limit  can  be  set,  it 
should  be  expected  that  Equation  (21)  will -begin  to  break  down  for  thicknesses  less 
than  about  O.Qi  or  0,001  mils. 

As  to  the  application  of  Equation  (21)  to  very  low  frequencies,  there  is  nothing 
in  its  derivation  that  would  indicate  that  it  might  cease  to  be  valid  for  any,  communi¬ 
cation  frequency.  And,  indeed,  it  does  remain  valid  even  for  very  low  frequencies 
for  the  conditions  under  which  it  was  derived;  the  presence  of  plane  waves.  In  prac¬ 
tice,  any  wave  becomes  approximately  plane  at  a  distance  of  several  wave  lengths 
from  the  source.  At  very  low  frequencies  the  wave  length  may  be  several  miles, 
and  it  is  usually  quite  impossible  to  even  approximate  a  plane  wave.  Hence,  at  power 
frequencies  and,  in  the  limit,  at  zero  frequency,  plane  waves  never  exist,  in  practice, 
and  Equation  (21)  is  not  applicable.  In  addition.  Maxwell's  equations  remain  satis¬ 
fied  if  any  arbitrary  constant  static  field  is  added  to  the  solution  given  by  Equations 
(3)  and  (4),  This  constant  field  was  neglected  entirely  in  the  treatment  given  above. 
Hence,  the  results  are  not  applicable  to  a  static  field  except  in  the  special  case  of 
a  static  field  obtained  from  a  plane  wave  in  the  limit  as  the  frequency  goes  to  zero, 
which  case  is  never  met  in  practice. 


APPENDIX  XVI 


PART  II 


2,  Cylindrical  Waves 

Practical  cases  involving  cylindrical  symmetry  are  encountered  frequently. 
Out  of  the  many  possible  cases,  only  a  very  small  number  will  be  investigated  here. 
The  most  important  examples  are  (1)  electromagnetic  waves  ti*aveling  axially  in  a 
cylindrical  enclosure  either  with  an  internal  conductor  (coaxial  transmission  line) 
or  without  (circular  wave  guide);  (2)  electromagnetic  waves  traveling  radially  and 
originating  from  a  centrally  located  line  current  source;  and  (3)  electromagnetic 
waves  traveling  radially  and  originating  from  a  centrally  located  line  loop  source. 
These  cases  do  not  normally  occur  separately.  Usually  there  exists  a  superposition 
of  several  occuring  simultaneously.  The  first  case  is  best  attacked  from  the  point 
of  view  of  surface  transfer  impedance  (see  Appendix  XI)  and  will  not  be  treated  here, 

z 


Fig.  XVI- 5  Cylindrical  Coordinates 

For  the  second  and  third  case,  it  is  assumed  that  the  fields  have  circular  sym¬ 
metry  and  do  not  vary  along  the  axis  of  the  cylinder.  Consider  the  cylindrical  coordi¬ 
nate  system  shownin Figure  XVI-5,  It  is  assumed,  then,  that  the  fields  are  functions 
of  r  only,  independent  of  z  and  0,  With  these  assumptions.  Maxwell's  equations  read: 


=  niiia 

9  r  9  t 

(22) 

?> 

:(rHg)  =  r{^ 

(23) 

(24) 

• 

— — (r  Ea)  =  -ur-T — ^ 

9  r '  9  t 

(25) 

-f 

It  is  seen  that  this  set  naturedly  splits  up  into  two  pairs:  the  pair  involving  E  and 
H0,  Equations  (22)  and  (23),  and  the  pair  involving  E0  and  Equations  (24^  and 
(25).  Each  pair  may  be  treated  separately.  Setting  E0  =  Hj,  =  0,  one  is  led  to 
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case  (1)  above:  the  fields  act  as  if  they  were  produced  by  a  source  in  the  form  of  an 
infinitely  long  and  infinitely  thin  conductor  at  the  center  carrying  a  current  that  is 
everywhere  in  phase.  It  will  be  seen  that  such  a  field,  in  the  vicinity  of  the  source, 
is  associated  with  a  very  low  impedance,  and  therefore,  this  case  will  be  called  the 
•'low -impedance  case".  If  one  sets  E^,  =  H0  =  0,  case  (2)  results:  the  fields  act  as 
if  they  were  produced  by  an  infinite  number  of  very  small,  closely  spaced  coaxial 
loops  carrying  equal  and  uniform  currents  that  are  everywhere  in  phase.  This  field 
is  associated  with  a  high  impedance  near  the  source  and  will  be  called  the  "high- 
impedance  case". 

Just  as  in  the  case  of  plane  waves,  a  static  field  may  be  superimposed  on  the 
dynamic  fi  ilds.  Such  a  field  might  be  produced  by  a  static  line  charge  at  the  center 
and  would  vary  as  1/r,  The  possib^^  presence  of  this  field  will  be  neglected  here. 

The  solution  to  the  pair  of  Equations  (22)  and  (23)  may  be  written  as  follows, 
assuming  sinusoidal  time  variations  as  before: 


=  EjH^(jirr)  +  E2H;(jrr) 


“0  =  [e,Hi  (j Tr)  +  E2Hi  (jrr)] 


These  equations  are  very  similar  to  Equations  (3)  and  (4)  for  plane  waves,  except  that 
the  exponential  functions  are  replaced  by  the  functions  Hq,  Hj,  and  Hj,  These 
functions  are  the  Hankel  functions  of  first  and  second  order  and  of  the  first  and  second 
kind.  The  subscripts  refer  to  the  order  of  the  Hankel  function;  the  unprimed  symbols 
are  Hankel  functions  of  the  first  kind,  and  the  primed  symbols  Hankel  functions  of 
the  second  kind.  The  Hankel  functions  of  the  first  kind  represent  waves  traveling 
radially  inward,  while  the  Hankel  functions  of  the  second  kind  represent  waves  trav¬ 
eling  radially  outward. 

The  impedance  is  again  found  as  the  ratio  of  the  electric  to  magnetic  field  in¬ 
tensity,  but  a  complication  arises  due  to  the  fact  that  the  impedances  for  the  incom¬ 
ing  and  outgoing  waves  are  not  equal.  One  obtains  from  Equations  (26)  and  (27), 
treating  the  incoming  and  outgoing  parts  separately: 


Zj  =  jZ^Ho(jrr)  /Hi(jrr) 


j  /  H'i(jrr)  (29) 

where  Z|  and  zj  are  the  radial  impedances  for  the  incoming  and  outgoing  waves, 
respectively,  in  the  low  -  impedance  case.  It  is  seen  that  these  impedances  are 
functions  of  r. 

If  the  same  analysis  is  carried  through  for  the  high-impedance  case,  stairting 
with  Equations  (24)  and  (25),  the  following  set  of  impedances  is  obtained: 
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=  j  Z 


^Hi  (jrr)  /  H^UlTr) 


(30) 

<« 


Zj  =  j  ZoH|(jirr)  /H;(jVr) 


(31) 


where  Z2  and  Z^  are  the  radial  impedances  for  the  incoming  and  outgoing  waves, 
respectively,  in  the  high-impedance  case. 


An  extensive  analysis  of  these  impedances  requires  a  detailed  consideration  of 
the  behavior  of  the  Hankel  functions.  This  will  not  be  carried  out  here.  Great  sim¬ 
plifications  result  if  the  absolute  value  of  the  argument  j  V  r  is  either  very  large  or 
very  small.  If  it  is  large,  i,e,,  at  large  distances  from  the  center  of  the  cylinder, 
all  impedances  approach  the  value  of  Zq  for  plane  waves.  Hence,  as  might  have 
been  expected,  cylindrical  waves  behave  like  plane  waves  at  large  distances  from 
the  center.  When  the  absolute  value  of  jdf  r  is  very  small,  the  following  approxima¬ 
tions  may  be  used; 


(x)— 

1  +  (  2  j/ir  )  In  lx 

h;(x)— 

■1  -  (2j7ir)ln|x 

Hi  (x)— 

-  2  j'/(Trx) 

hJ  (x) - i 

►  2j/(Trx) 

as  X — »0 


(32) 


With  these  approximations,  one  obtains  for  the  four  impedances  in  the  case  of  small 
values  of  j  V" r; 


« 


k 

% 

0 


Zj  =  -  (1/2)  j  rr  Zo  (it  +  2j  In  |  j  IT  r|  ) 
Zj  =  -  (1/2)  j  JTr  Zo  (it  -  2  j  In  [j  JTr  1) 


2  Z, 


Z2  =  -7 


jy  r  (ir^  +  4  ln2  |  j  y  r|  ) 


(it  -  2  j  In  j  r  r  ). 


2  Z 


o 


Z3  =  -  jVr  (TT^  +  4  ) 


(33) 

(34) 

(36) 

(36) 


It  is  seen  that  the  impedances  for  the  incoming  and  outgoing  waves  are  negative  com¬ 
plex  conjugates  of  each  other  in  each  case.  It  is  also  seen  that,’  for  small  j  X'r,  the 
first  two  impedances  are  much  smaller  than  Zq  while  the  second  setof  two  impedances 
are  much  larger  than  Zq*  thus  justifying  the  nomenclature  used, 
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Now  let  there  be  a  metallic  medium  filling  all  space  outside  acylindrical  region 
such  that  for  r  <  a  the  medium  is  air  and  for  r  >  a  the  medium  is  a  good  conductor 
as  shown  in  Figure  XVI-6.  The  surface  r  =  a  is  the  boundary  surface  between  the 
two  media,  and  the  task  at  hand  is  to  determine  how  much  of  the  incident  wave,  orig¬ 
inating  at  the  center,  is  transmitted  into  the  nietal. 


Fig.  XYI-6  Cylindrical  Boundary  Surface  Between  Air  and  Meted 

As  in  the  case  of  plane  waves,  the  presence  of  an  incident  and  a  reflected  wave 
must  be  postulated  on  the  inside  together  with  a  trsinsmitted  wave  within  the  metal. 
To  obtain  a  general  expression  for  the  transmission  factor,  taking  into  consideration 
the  fact  that  the  iippedances  for  outgoing  and  incoming  waves  need  not  be  equal,  the 
following  equations  may  be  written  bas<?d  on  the  continuity  of  the  electric  and  mag¬ 
netic  fields  across  the  boundary  surface: 

Einetal  =  Eit,  +  -  (37) 


^metal  ^air  ^air 

71  ~  7 (  ~  7 

metal  air  air 


(38) 


where  the  primed  quantities  refer  to  the  outgoing  waves  and  the  unprimed  ones  to 
the  incoming  waves.  In  addition,  the  subscripts  1  or  2  must  be  added  depending  on 
whether  the  low-impedance  case  or  the  high -impedance  case  is  dealt  with. 

The  above  equations  may  be  solved  for  the  tramsmission  factor, 


“metal 


^metal  ^  ^air 


(1  + 


^air  \ 
tti:  ' 
^air 


(39) 


It  is  seen  that  this  reduces  to  Equation  (18)  when  the  primed  and  unprimed  impedances 
are  equal. 

When  the  quantity  |y|  is  computed  for  a  metal  from  Equation  (9),  one  finds 
jy|  =  545  (^fm  inch.  Hence  the  aosolute  value  of  the  quantity  j)fr  will  be 

much  larger  than  unity  in  most  practical  applications.  Therefore,  within  the  metal 
cylindrical  waves  behave  like  plane  waves.  In  particular,  the  absorption  loss  within 
the  metal  is  the  same  as  that  obtained  for  plane  waves.  Equation  (20),  and  the  imped¬ 
ance  of  the  metal  to  cylindrical  waves  is  the  same  as  for  plane  waves.  An  exception 
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to  this  might  occur  only  when  the  quantity  r  inches)  is  less  than,  say, 

0.1,  and  even  then  the  assumption  of  plane  waves  will  he  a  fair  approximation  down 
to  ^fm  IJ-r^^r  =  0.01,  approximately.  The  exceptional  case  in  which  this  might  not 
be  true  will  not  be  treated  here. 

In  evaluating  the  four  impedances  for  air  from  Equations  (33)  to  (36),  it  is 
found  that  Zj  and  Z'l  (low-impedance  case)  are  very  small  while  Z?  and  Z2  (high- 
impedance  case)  are  very  large  as  compared  with  Zq  in  the  region  of  validity  of  these 
equations.  A  more  detailed  computation  of  these  quantities  is  hardly  justified  since 
the  physical  conditions  on  which  the  derivation  of  these  equations  was  based  are 
highly  idealized.  In  practice,  the  presence  of  an  inner  conductor  imposes  additional 
boundary  conditions,  which  were  neglected  here.  However,  the  following  qualitativo 
conclusion  drawn  from  the  form  of  Equation  (39)  remains  valid?  In  the  high-imped¬ 
ance  case  the  reflection  loss  is  at  least  as  great  as  with  plane  waves;  but  in  the  low- 
impedance  case  the  reflection  loss  may  be  very  small  and  cannot  be  relied  upon  for 
effective  shielding  action,  . 

The  practical  conclusions  for  cylindrical  shields  may  be  summarized  as  fol¬ 
lows; 

(a)  Within  the  shielding  metal,  the  cylindrical  waves  behave  like  plane  v/aves  , 

.  The  absorption  loss  may  be  computed  using  Equation  (20)  as  for  plane 

waves. 

(b)  If  the  electric  field  near  the  sonrce  at  the  center  is  predominantly  axial, 
the  radial  impedance  is  low,,  and  very  little  shielding  action  may  be  ex¬ 
pected  due  to  reflection, 

(c)  If  the  electric  field  near  the  source  at  the  center  is  predominantly  concen¬ 
tric,  the  radial  impedance  is  high,  and  the  shielding  action  due  to  reflection 
is  at  least  as  good  as  that  for  plane  waves, 

(d)  In  the  absence  of  detailed  information  about  the  fields  near  the  source,  it 
is  best  to  assume  that  a  substantial  low- impedance  component  is  present, 
.end  to  proceed  on  the  assumption  that  shielding  action  is  due  to  e^bsorption 
only, 

3.  3pherical  Waves 

Practical  cases  involving  spherical  symmetry  are  very  rare  in  shielding  pro¬ 
blems  encountered  in  aircraft.  If  the  Scune  approach  is.  taken  in  this  case  as  was 
taken  for  cylindrical  waves,  similar  results  are  obtained  except  that  the  resulting 
functions  are  spherical  Hankel  functions,  or  Hankel  functions  of  half-integral  order, 
instead  of  the  cylindrical  Hankel  functions.  Hp,.  Hj,  H^,  and  Hi,  This  analysis,  how¬ 
ever,  is  not  carried  out  here, 

A  somewhat  different  approach  was  taken  in  Paragraph  1.6, ,4,  where  Equations 
(14)  to  (25)  give  the  fields  in  the  vicinity  of  a  point  source.  Ho  boundary  conditions 
were  imposed  there,  and  the  fields  described  are  those  of  waves  traveling  outward 
from  a  specified  source.  Nevertheless,  even  there  a  low-impedance  case  and  a 
high- impedance  case  may  be  distinguished.  If,  in  these  equations,  the  ratio  of  the 
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electric  to  the  magnetic  field  intensity  is  taken,  it  is  found  that  near  the  source  this 
ratio  is  proportional  to  the  distcince  r  for  the  magnetic  dipole,  while  it  is  proportional 
to  l/r  for  the  electric  dipole.  Hence,  the  first  case,  where  the  electric  field  is  en¬ 
tirely  concentric,  is  a  low-impedance  case,  while  the  second  case,  where  the  elec¬ 
tric  field  near  the  source  is  entirely  axial,  i.  e. ,  along  a  diameter,  is  a  high-im¬ 
pedance  case. 

K 

If  the  radius  of  the  sphere  is  very  much  larger  than  a  wave  length,  the  waves 
behave  exactly  like  plane  waves.  if  the  radius  of  the  sphere  is  very  much  smaller 
than  a  wave  length,  the  conclusions  (a)  to  (d)  at  the  end  of  the  section  on  cylindriccil 
waves  remain  essentially  valid.  The  intermediate  case,  where  resonant  excitation 
of  the  spherical  enclosure  may  occur,  is  again  too  complicated  to  be  treated  here. 
The  main  reason  why  spherical  waves  are  mentioned  here  is  that  the  conclusions 
jvist  mentioned  remain  valid  qualitatively  when  a  point  source  is  shielded  by  an  en¬ 
closure  of  other  than  spherical  shape,  as  for  example  when  a  spark  gap,  acting  like 
a  point  source,  is  enclosed  by  a  rectangular  shielding  box.  Here,  an  exact  solution 
of  the  boundary  problem  involved  is  practically  impossible.  Yet,  it  may  be  said  that 
the  shielding  effectiveness  of  the  box  is  at  least  as  great  as  that  computed  on  the 
basis  of  the  absorption  loss  for  plcine  waves,  and  may  be  considerably  increased  by 
the  reflection  loss  if  the  source  is  of  the  high-impedeuxce  type. 
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DECIBEL  EQUIVALENTS  TO  CURRENT,  VOLTAGE,  AND  POWER  RATIOS 

The  word  Decibel  is  frequently  used  to  express  the  ratio  of  any  two  dimension- 
adly  equivalent  quantities  in  convenient  numerical  terms.  It  is  simply  a  logarithm 
of  a  ratio  to  the  base  ten.  In  practice,  the  engineer  often  refers  to  a  quantity  as  so 
many  decibels  "up"  or  "down"  with  respect  to  another  quantity.  This  means  that, 
if  quantity  a  is  "up"  a  given  number  of  decibels  on  quantity  b,  the  ratio  of  a/b  is 
greater  than  unity,  or  if  the  a  is  down  on  b,  the  ratio  a/b  is  less  than  unity.  Some¬ 
times  +db  is  used  to  express  the  fact  that  the  ratio  is  greater  than  one  and  -db  for 
ratios  less  than  one*  Since  the  engineer  always  can  use  the  reciprocal  of  any  ratio 
to  obtain  the  same  result  when  expressed  in  decibels,  it  is  never  necessary  to  use 
a  conversion  table  showing  ratios'  less  than  unity. 

Theniimber  of  decibels,  Ndb»  corresponding  to  a  power  ratio  Pi/P2  or  P2/PI 
is  defined  as 

-  =  iO  logio(Pl/P2)  O'’  1“  l“«10(P2/Pl)  (*) 

“  Pl/P2^‘.  Pi  is  up  on  (larger  than)  P^  and  the  sign  of  Ndb  may  be  taken  as  +. 
However,  if  Pi/P2<l,  that  is  P2/Pl-^1,  Pi  is  down  on  (less  than)  P2  and  the  sign 
is 

In  the  case  of  direct  currents,  power  is  the  product  of  the  current  I  and  the 
voltage  E,  that  is  P  =  IE.  Since  the  resistance  R  is  defined  as  E/I,  the  power  may 
be  taken  as  P  =  E^/R  or  P  =  I^R.  Thus  Pj/Pz  =  (Ei/Ez)^  x  (Rz/B-I)  or  Pi/Pz  = 
(11/12)^  X  (Ri/R2)«  This  means  that  provided  that  the  currents  Ij  and  I2  are  flowing 
into  the  same  resistance  (Rj  -  R2)  the  power  ratio  may  be  expressed  as 

±Ndb  =  10  1ogio(ll/l2)2  (2) 

=  20  1ogio(ll/l2)  (3) 

or  also  as 

±Ndb  =  20  1ogio(Ei/E2)  (4) 

In  the  case  of  alternating  currents,  the  product  IE  must  be  multiplied  by  the 
power  factor  in  order  t(  •'btain  the  power.  ^Butif'now  the  v'lirrents  Ij  and  I2  are 
flowing  into  the  scime  impedance  (Zi  =  Z2),  the  power  factor  will  cancel  when  the 
ratio  Pi/Pz  is  formed,  and  the  expressions  given  above  remain  correct  provided 
that  Ij,  I2,  Ej,  euid  E2  are  interpreted  as  the  absolute  Veilues  of  these  qucintities. 
It  shovild  be  noted  that  the  first  expression,  involving  the  currents,  remains  correct 
even  for  different  impedances  provided  only  that  the  resistances  are  equal.  But  the 
second  expression,  involving  the  voltages,  is  correct  only  if  both  the  resistances  and 
the  reactances  are  equal. 


In  case  the  designer  desires  to  obtain  the  current,  voltage,  or  power  ratio  when 
the  number  of  decibels  is  known,  the  relations  are 


II1A2  = 


i^^db/  20 
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IV1/V2I  =  l0‘=*=^db/20  (6) 

or 

P1/P2  =  10*Ndb/lO  (7) 

keeping  in  mind,  as  before,  that  the  number  of  decibels  corresponding  to  any  value 
of  the  ratios  is  the  same  as  that  for  the  reciprocal,  but  the  sign  is  different. 

The  table  given  in  this  appendix.  Figure  XVII-B,  may  be  entered  to  obtain  the 
ratios  of  currents,  voltages,  and  power  corresponding  to  decibel  numbers  from  0.1 
to  20,0.  This  range  of  decibels  covers  ratios  of  current  and  voltage  from  1.012  to 
10.00  eind  ratios  of  power  from  1.023  to  100. 

The  designer  of  radio  interference  suppression  equipment  will  not  frequently 
have  occasion  to  deal  with  ratios  or  decibel  values  smaller  than  those  shown  iu  the 
table.  Figure  XVII-B.  In  those  cases,  however,  the  designer  may  easily  compute 
any  of  the  values  lying  below  the  range  of  the  table  from  the  equations  given  above 
or  the  approximate  formula,  =  8.5(  jTl/l2|  "1)»  with  an  error  less  them  0.001  db. 


Current  of  Voltage  Ratio 
|ll/l2|or  [Ei/Eal 

Power  Ratio 

P1/P2 

10 

3,  162 

10 

20 

10^ 

30 

3. 162  X  10 

10^ 

_ 40 _ _ 

10^ 

10^ 

WBM 

3.  162  X  iO^ 

10^ 

70 

3. 162  X  10^ 

10' 

80 

10^ 

10® 

90 

3.  162  X  iO'^ 

100 

10^ 

■bh 

110 

3.  I62'x  10^ 

10“ 

120 

10^ 

lol^ 

130 

3.  162  X  10^ 

140 

10^ 

10l4 

150 

3.  162  X  lo”^ 

160 

10® 

10lt> 

Fig.  XVII-A  Decibel  Values  Corresponding  to  Power  Ratios  and  Absolute 
Values  of  Current  or  Voltage  Ratios.  (For  reciprocal  ratios  use  negative 
sign  for  decibels.  For  negative  decibel  values  take  reciprocal  ratios.) 


Usually  radio  interference  problems  demand  consideration  of  larger  values  of 
attenuation.  Figure  XVII-A  is  helpful  in  determining  the  ratios  for  larger  values  of 
decibels  in  10  db  steps  from  10  to  160  db  and  may  be  used  in  conjunction  with  Figure 
XVII-B  to  quickly  obtain  intermediate  values  as  in  the  following  examples: 


(a)  To  determine  current  ratio  corresponding  to  43. o  db,  enter  Figure  A  and 
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note  that  40  db  is  equivalent  to  a  current  ratio  of  100.  Enteri'^f  Figure  B 
shows  that  3.6  db  is  equivalent  to  a  ratio  of  1.514.  Then  to  obtain  the  ratio 
for  43.6  db,  multiply  1.514  x  100  which  gives  151,4, 

(b)  To  find  the  voltage  ratio  for  56.7  db,  enter  Figure  A  and  find  3,162  x  102 
opposite  50  db,  multiply  this  by  2,163  from  Figure  B  opposite  6.7  db  and 
obtain  683.9.  Or  to  find  the  corresponding  power  ratio  enter  the  sairie 
tables  in  the  power  column  and  get  100,000  x  4.677  or  467,700. 

(c)  Conversely,  to  find  the  number  of  decibels  corresponding  to  a  -arrent  ratio 
of  2427  divide  by  1000  s  lO-^,  enter  Figure  B  opposite  2.42?  and  find  7,7 
decibels,  enter  Figure  A  opposite  lO^,  and  find  60  decibels  opposite  10^, 
then  add  to  obtain  67.7  db. 
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Fig.XVn-B  Decibel  values  corresponding  to  Power  Ratios  and  absolute  value  of  Current  and  Voltage  ratios 
(Use  negative  db  values  for  reciprocal  ratios  or  reciprocal  ratios  for  negative  db  values) 
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Capacitor  (continued) 
feedthrough,  1-57,  3-19 
grounding  connection,  3-7 
installation  of,  3-5*  IX- 1 
mechanical  requirements  for  filter, 
3-18 

resonant  frequencies  of,  3"'5 
Circuits 
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special,  1-60,  3-65 
Circuit  concept,  1-22,  1-46  _ 

Commutator,  i-16 
Compensating  winding,  3-80 
Conduction,  1-27 
Conductive  pastes,  silver,  3-60 
Conduit 
flexible,  3-50 
rigid,  3-49 
use  of  flexible,  3-50 
Corona,  discharge,  1-18,  4-17 
Corona  threshold,  4-17 
Corrosion,  3-46 
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Coupling,  capacitive,  3-8 
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Critical  damping,  1-43 
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convection,  1-10 
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Decibel,  XVII- 1 
table  for,  XVII- 3 
Depth  of  penetration,  1-47 
Dipole 

electric,  1-29 
electrostatic,  1-30 
magnetic,  1-30 
Discharges 

block  and  squirter,  4-22 
static,  4-20 
trailing  wire,  4-16 
Dow  No.  1  treatment,  3-47 
Dow  No,  7  treatment,  3-47 
Duration  of  pulse  effect  of,  1-9 
Dynamotor,  3-85 

Electrical  oscillations  in  stationary  cir¬ 
cuits,  3-94 

Electrical  system,  3-165 
Electromotive  series,  3-58 


Electronic  system,  3-114 
design  consideration  of,  -3-114 
Feedback  factor,  3 ■^69 
Feed-through  capacitor,  1-57,  3-19 
insertion  loss  for,  3-21 
method  of  mountings  3-20 
Ferris  Model  32B,  2-16,  XIII-21 
Ferris  Model  64AB  and  BC,  2-16 
Ferrites,  3-32 
Field 

electrostatic,  1-10 
induction,  1-30 
magnetic,  1-10 
radiation,  1-31 
Field  concept,  1-23,  1-46 
Filter 
audio,  1-63 

band- elimination,  1-50 
band-pass,  1-50 
"brute-force",  1-54,  3-4 
design  for  low-pass,  IVII- 1 
grounding  of,  1-58 
harmonic  suppression,  3-12 
high  pass,  1-50 
impedance  of,  1-51 
location  of,  1-50 
low  pass,  1-50 

low  pass,  constant-k  type,  1-10,  VII-3 
measurement  of  insertion  loss  of,  X-1 
power  line,  3-11 
proper  installation,  3-5 
series  derived  m-type,  1-10,  3-12, 
VII-4 

use  of,  3-83 
Filtering,  1-50 
Fitting  and  connector,  3-54 
spherical -type,  3-54 
Flexible  conduit 

construction  of  interlocked,  3-51 
shielding  effectiveness  -  various  types 
of,  3-52 

Fluorescent  lamps,  3-111 
Fourier  analysis,  1-4 
Fourier  integral,  1-4 
trapezoidal  pulse  application,  IV- 1 
Fourier  series,  1-4 
Fourier  transformation,  1-7 
Frequency,  anti- re  sonant,  1-62 
Frequency  translations.  1-3 
Gasket,  3-40 
conductive,  3-40 
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Gasket  (continued) 
type  of,  3-40 

Generation  of  eiectromoti'Si'e  forces 
DC  machinery,  i-12 
rotating  machinery,  1-11 
vacuum  tube  oscillator,  1-12 
Generator 

alternating  current,  3-86 
direct  current,  3-85 
Grounding,  1-45 
Gun-laying  radar  system,  3-162 
design  considerations  for,  3-162 
ma jo  r  c  om  ponent  s  of,  3-162 
Harmonic  suppression  filter,  3-12 
design  objective  for,  3-13 
Impedance,  ,Y-1 
linear,  1-13 
non-linear,  1-12 
variation  of,  1-14 

Impedance  concept,  1-19,  3-44,  V-l 
applicability  to  interference  problems, 
1-21 

difficulties  of,  V-12 
measurement  for,  V-4 
use  of  Fourier  expansion,  V-2 
Impedance,  surface  transfer,  3-52 
Improvement  threshold,  1-37 
Inductance 
mutual,  1-25 
non-linear,  1-13 
Inductance  coil 
electrical  requirements,  3-22 
equivalent  circuits  of,  3-22 
installation  of,  3-8 
nomograph  for  distributed  capacitance 
of,  3-26 

nomograph  for  single  -  layer  design, 
3-25 

single-layer,  3-23 
upper  frequency  limit,  3-8 
Inductors,  3-22 

choosing  magnetic  core  for,  3-32 
design  of,  3-22 
filter,,  3-22 
magnetic  core,  3-27 
Insertion  loss,  3-5,  3-13,  XII- 1 
circuit  for  measuring,  XK-2 
ratio,  XII-  1 

Interaction  factor,  1-20 
Interference 

basic  methods  for  suppression  of,  1-38 


Interference  (continued) 
control  of,  3-3  ■ 

limits  and  tests  for,  2-5 
minimum  transmission  in  receiver , 

i-59 

nature  of,  1-3 
radiated,  2-6 

Interference  measuring  sets 
AN/PRM-1,  2-18,  Xni-1 
AN/TRM-4,  2-22 
AN/URM-3,  2-18,  XIII-5 
AN/URM-6,  2-16,  Xm-9 
AN/URM-7,  2-20,  XIII- 14 
AN/URM-17,  2-22,  XIII- 17 
AN/URM-28,  2-21 
AN/URM-29,  2-21 
audio  amplifier  stages  of,  2-15 
block  diagram  of  typical,  2-8 
calibration  of,  2-11 
description  of,  2-15 
detector  and  weighting  circuits  of,  2-13 
Ferris  Model  32B,  2-16,  XIII- 21 
Ferris  Model  64AB,  2-16 
Ferris  Model  64BC,  2-16 
general  design  consideration  of,  2-7 
IF  amplifier  stages  of,  2-13 
impedance  matching  networks  of,  2-10 
Measurements  Model  58,  2-19,  XIII- 27 
mixer  and  local  oscillator  of,  2-13 
output  indicating  devices  for,  2-15 
pickup  devices  of,  2-9 
radio  frequency  amplifier  stage,  2-10 
summary  of,  2-22 
TS-587A/U,  2-19,  Xm-23 
Interference -free  operation 
considerations^  for  material,  3-3 
considerations  for  space,  3-3 
considerations  for  weight,  3-1 
general  considerations  for,  3-1 
Interference-voltage  reduction  factor^ 
1-37 

Interfering  signal 
measurement  of,  2-1 
nuisance  value  of,  1-34 
origin  of,  i-10 
theory  of,  1-1 
Internal  coupling,  3-195 
Interphone  system,  3-129 
interference  coupling  into  and  out  of, 
3-131 

major  components  of,  3-129 
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Interphone  system  (continued) 
paths  of  interference  signals  in,  3-129 
recent  design  of,  3-133 
Interpoles,  3^80 
Inverter,  3-90 
Iridite  No,  14,  3-47 
Joint  pressure,  problems  of  3-43 
Joints,  3-37 
soldered,  3-48 
Liaison  system,  3-133 
installation  of,  3-133 
major  components  of,  3-133 
paths  of  interference  signals  in,  3-134 
Lightning  discharges  tc  aircraft,  4-6 
Limiter,  3-198 
amplitude,  1-60 
diode,  1-60 
noise,  1-60 

Limiter- blanking  circuit,  3-67 
Limiter  circuits,  3-65 
employing  counter-modulation,  3-68 
employing  feedback,  3-69 
employing  squelch  system,  3-70 
series,  3-65 
shunt,  3-66 

Linear  distortion,  1-35 
Local  oscillator,  3-195 
Loran  system,  3-137 
major  components  of,  3-137 
particular  interference  problems  of, 
3-141 

paths  of  interference  signals  in,  3-139 
typical  installation  of,  3-138 
Magic  Tee  balanced  mixer,  3-202 
Measurement  Development  Model,  2-22 
Measurement  Model  58,  2-19,  XIII-27 
Methods  of  transmission,  1-22 
Military  specifications 
JAN- 1- 225,  2-6 
MI.L-I-6051,  2-4 
MIL-I-6181,  2-5 
MIL-I-16910,  2-6 
review  of,  2-2 
Mismatch- ratio,  1-53 
Modulation 
amplitude,  1-37 
effects  of  different  types,  1-37 
frequency,  1-37 
phase,  1-37 
pulse,  1-37 
Modulator,  3-97 


Modulator  (continued) 
radar,  3-97 

reduce  interference  of,  3-97 
Motor 

compound,  3-85 
series,  DC,  3-84 
Mutual  inductance,  1-25 
between  two  sets  of  infinitely  long  par¬ 
allel  pairs  of  straight  wires,  VI- 1 
Navigational  radar  set,  3-145 
major  components  of,  3-  145 
modifications  of,  3-147 
paths  of  interference  signals  in,  .  146 
Network 

consideration  of  the  entire  aircraft, 
1-18 

dual,  1-5 

four  terminal,  1-19 
ladder,  VII- 1 
planar,  1-4 
response  of,  1-7 
T-,  VII-2 
transmitting,  1-21 

Noise-Field  Intensity  Mete r^  TS-587AAJ, 
2-19,  XIII-23 
Nuisance  value,  1*3 
Opening-leakage,  3-50 
Operational  periods  for  electronic  e- 
quipment,  3-2 
Oscillation 
electrical,  3-94 
parasitic,  3-99 
transient,  3-102 

Oscillator  radiation,  minimum,  3-206 
antenna  radiation,  3-210 
chassis  radiation,  3-206 
design  consideration  for,  3-206,  3-213 
Overloading,  vacuum  tube,  1-36 
Parasitic  oscillations,  3-99 
prevention  of,  3-101 
Penetration-leakage,  3-50 
Permeability,  incremental,  3“28 
Power  line  filter 
m -derived  type,  3-12 
use  of,  3-11 

Precipitation  static  on  aircraft,  4-1 
atmospheric  conditions  favorable  to, 
4-1 

design  considerations  to  prevent,  4-9 
effect  due  to  operation  of  aircraft,  4-7 
effects  of  altitude  and  temperature,  4-4 
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Precipitation  static  on  a,ircraft  (coti- 
tinued) 

effects  of  ccatiwgs  "i  metal  surface, 
4-8 

effects  of  dust,  sand,  or  smoke,  4-2 
effects  of  ice  crystals,  4-2 
effects  of  snow,  glaze,  or  rain,  4-2 
effects  of  thunderstorm^  4-5 
from  external  fields,  3 
from  frictional  effea^,  4-2 
methods  for  re^ilcing  interference 
from,  4-7 

Principle  of  duality,  i-4 
Propagation  phenomena,  XVI-2 
cylindrical  waves,  XVI- 10 
plane  waves,  XVI-2 
spherical  waves,  XVI-14 
Propeller  system,  3-167 
bench  test  procedure  for,  3-172 
design  considerations  for,  3-171 
diverse  functions  in  design  of,  3-167 
engiTjie  test  procedure  for,  3-172 
radm  interference  testing  procedure 
of/  3-171 

sources  of  interference  in,  3-169 
Pulse  lengthening 
rihging,  1-35 
sjiock  excitation,  1-35 
"Ci"  of  the  coil,  1-56 
Radar  altimeter  system,  3-149 
.  design  considerations  for,  3-152 
major  components  of,  3-149 
paths  of  interference  signals  ih,  3- 150 
typical  installation  of,  3-149 
Ra|dar  fire-control  system,  3-]|57 
major  components  of,  3-157 
m\odification  required  for,  3-159 
sources  of  interference  in,  3-157 
Radiated  noise,  1-28 
Radiation,  1-28 
antenna,  3-210 
chassis,  3-206 
oscillator,  3-206 
Radio  Compass  AN/ARN-1,  4-16 
Radio  compass  system,  3-153 
design  considerations  for,  .3-156 
major  components  of,  3-153 
po-ths  of  interference  signals  in, 
3-154 

typical  installation  of,  3-153 
Radio  interference,  l-I 


Radio  Interference'  Measuring  Set 
AN/URM-7,  2-20,  Xni-14 
Radio  Interference  Measuring  Set 

AN/URM-29,  2-21 

Radio  Interference  Test  Set 
AN/URM-3,  2-18,  Xin.-5 
Radio  noise,  1-1 
Radio  system,  HF,  3-117 
paths  of  interference  signals  in,  3-115 
Radio  system,VHF,  3-117 
overall  design  considerations  for , 
3-122 

paths  of  interference  signals  in,  3-118 
typical  installation  of,  3-118 
Radio  Test  Set  AN/PRM-i,  2-18,  XIII-1 
Radio  Test  Set  AN/URM-6,  2-16,  Xni-9 
Radio  Test  Set  AN/URM-17,  2-22,  XIII- 17 
Random  noise,  1-1 
Receiver,  1-1 

design  for  minimum  interference  in, 

1-59 

suppression  in,  1-58 
susceptibility  of,  l-*33 
Receiving  Equipment  AN/URM- 28,  2-21 
Reciprocal  spreading,  1-9 
Rectangular  pulse,  1-4 
Reflection  factor,  XVI- 5 
Reflection  loss,  V-11,  XVI-6 
Relays,  3-107 

interference  produced  by,  3-107 
interference  reduction  from,3-i09 
low-pass  filter  .used  with,  3-109 
Resin,  3-48 

Resonance  excitation,  1-32 
Resultant  signal,  1-4 
Rotating  machines,  3-75 
Search  radar  system,  3-122 
improvement  in  future  designs  and 
installations,  3-127 
interference  problems  encountered  in 
revision  of,  3-128 
major  components  of,  3-123 
paths  of  interference  signals  in,  3-124 
■  typical  installation  of,  3-123 
Series  DC  motors,  3-84 
filters  for,  3-84 
Shield 

equipment  required  for  measuringthe 
effectiveness  of,  XI-4,  XI- 7 
joining  parts  of,  3-37 
measuring  the  effectiveness  of,  XI- 1 
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jpening  in»  3-34 
oscillator,  3-207 

'■cat  procedures  fo'  mca.s  :  ■«  tlic  rl 
fecliveness  of,  XI -8 
Shielded  room,  VIIl-l 
construction  of,  VIII- 1,  V  -  4 
rarnework  of,  VIII-4 
ventilation,  services,  po\  -  •  '  ii<‘  Tii- 
"e-s  of,  Vm-7 

wail  fastening  and  doors  f  f,  v  Ill-f* 
Shielding,  3-33,  3- '’3 
antenna  relay,  3-55 
basic  test  set-up  for,  XI- 5 
Faraday  shield,  1-49 
ifpiition  system,  1-49 
leakage,  i-48 

magnetic  inaterial  used  fo^*,  3-33 
problems  encountered  in,  X'^11-1 
theory  of,  XVI- 1 
type  of  materials  for,  3-3:3 
wire  mesh  used  for,  3-34 
Shielding  value  of  shields,  Vll  •  1 
cell  type,  solid  metal  wall  s,  V  III- 4 
cell  type,  wire  mesh  walls,  '  ilI-4 
double,  solid  metal  waUs,  VI II -3 
3touble,  wire  mesh  wdlls,  YF)-3 
single,  solid  metal  wallc.  V£«T-1 
single,  wire  mesh  walls,  3fni»  3 
Shoran  system,  3-142 
installation  difficulties  3-144 
paths  of  interference  sigrails  in,  3-  H3 
Shot  noise,  2-11 
^nusoidal  signal,  1-4 
Skin  effect,  1-48 
'91i<ie- Bach"  circuit,  2-14 
Impark  type  ignition  system,  ^160 
major  components  of,  3-  I  iO 
pathe  of  interference  - 1 80 
shielding  of,  3-182 

Special  interference  redact  m  circuits, 
3-196 

anti-JoiORilnS  circuits,  3  i-04 
limiter  circuit,  3-198 
resistance  capacitance  nei .  ork,  3-200 
used  in  radar  receivers,  i-201 
Squirrel  cage  induction  mt  .  ,  3-90 
Stat-amperes,  4-8 
Static,  1-1 

Static  discharger,  AN/AS/  4-20 
suggested  location  of,  4-  2 
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leakagt.  powmrof,  3-s‘'35 
Taylor  sent -jj  1-12 
Test  locatio  n,  seKctlor.  oi,  ?-33 
Thevenin's  Theorem,  1-22 
Trailing  w.  e  discharge;!*,  4-16 
Transfer  c  mstant,  8,  1-20 
Transform  .  r,  3-99 
Transfomur  factor,  1-20 
Transient  jscillations,  3-102 
Transients,  1-14 

Transmit  ion  factor,  l-2'O,  XVl-5 
Transmit  don  line 
characteristic  impedance  of, 
equivai  ;  at  uiri  uU  of,  J:- 14 
Trar!3mii  sion-line  thoory,,  XVX-2 
Transmitter,  3-95 
negative  feedback  usat  It!,  3-98 
phase  rhift  of,  3-97 
rS-£87>^/L%  2-  iV,  Xii?-23 
Undesiirible  response,  2-4 
Variation  of  impedance 
arcing  1-17 
brushes,  1-14 
commutators,  1-14 
electronic  devices,  1-16 
mechanical  switches,  1-14 
Vibrator.-,  3-90 
Wave  gui'‘e,  3-38 
attenuation  for,  3-36 
Wave  tra]).  1-61,  3-71 
insertio’  loss  of,  3-71 
types  oi  3-71 
V^eightin  circuit,  2-14 
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